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ABSTRACT 
(3-glucan in oat (Avena Sativa L.) grain is primarily responsible for the beneficial 
effect of oat fiber on lowering blood serum cholesterol levels in humans. Oat soluble fiber, 
when added to the daily diet, tends to lower serum cholesterol. Those beneficial effects are 
attributed to the ability of oat to generate viscosity. The objectives of this study were to 
estimate the genetic components of variance in R-glucan content and viscosity in high (3-
glucan lines, elite agronomic lines, and in their population crosses. The second objective was 
to evaluate the differences between elite agronomic lines and high (3-glucan lines for (3-
glucan, viscosity and viscosity deviation. The third objective was to use a powerful 
population design to detect epistatic interaction among parents. The fourth objective was to 
determine the effectiveness ofnear-infrared (NIR) technology for analyzing the R-glucan 
quantity and quality in oat. 
North Carolina Design II was used for the experiment to cross twelve completely 
inbred lines high in (3-glucan concentration with twelve inbred lines with good agronomic 
performance. F3:4 generation was evaluated in a field experiment in 2005 with four 
replications at two Iowa locations. Oat grain was analyzed in the laboratory for the (3-glucan 
content, viscosity, and NIR spectra. A positive correlation (r2=0.38) was found between (3-
glucan content and Log transformed viscosity. Due to significant variation in the viscosity 
deviation among crosses, one can select for (3-glucan concentration based on the viscosity 
deviation variance among crosses. 
A near-infrared reflectance (NIR) spectrophotometer was calibrated against (3-glucan 
content, flour slurry viscosity, and viscosity deviation using partial least squares (PLS) 
regression using PROC PLS in SAS. Cross-validation of the PLS procedure was performed 
by using the option CV=ONE for the 350 to 2500 nm spectral range. Overall, not more than 
1 % of samples were removed as outliers from any given analysis. Coefficient of 
determination (R2) values and standard error of prediction (SEP) indicate that NIR analysis 
of oat grain can be used as an analytical tool to estimate (3-glucan quantity and quality. 
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CHAPTER 1: GENERAL INTRODUCTION 
Oat (Avena sativa L.) (3-glucan lowers serum cholesterol in humans. High serum 
cholesterol level is a major risk factor for premature heart disease in humans (Mayes, 1990). 
The component responsible for lowering serum cholesterol is (1—~3) (1 ~4)-(3-D-glucan, or 
(3-glucan, a cell wall polysaccharide found in the endosperm and subaleurone layers of cereal 
seeds (Davidson et al., 1991). Oat soluble fiber, which is high in (3-glucan, when added to the 
daily diet, tends to lower serum cholesterol, particularly in individuals with initially greater 
levels of serum cholesterol. Among cereal grains, oat and barley have the greatest 
concentration of R-glucan, but oat generally has a larger proportion of soluble R-glucan 
(Davidson et al., 1991). Standard oat varieties contain from 45 to 50 g kg"~ of (3-glucan. Large 
amounts of oat products are not consumed habitually in a Western diet. However, ingestion 
of concentrated soluble fiber would reduce the bulk necessary to provide a sufficient amount 
of the effective component of oats. Oat ~3-glucan content is a polygenic trait under the 
control of genes with mainly additive effects and no interallelic interactions (Kibite and 
Edney, 1998; Holthaus et al., 1996) Previous study has not found interallelic interactions, 
though the designs used were not especially powerful for their detection. Plant breeders seek 
to increase levels of these (3-glucans in oat lines, which are processed to create new effective 
nutritional and functional foods. 
Many health related effects of oats, such as cholesterol reduction, attenuation of blood 
glucose and insulin, and prolonged satiety result from the high viscosity of their soluble (3-
glucans (Colleoni-Sirghie, 2004). Viscosity is the thickness or resistance to flow of a liquid. 
Different oat lines have different abilities to generate viscosity. The viscosity depends on 
molecular weight, concentration, and solubility. Most of the viscosity of oat containing 
mixtures is due to (3-glucan, and viscosity due to other components is generally constant 
among cultivars (Bendelow, 1975). Regression of viscosity on (3-glucan content showed a 
relationship between the two measurements (Colleoni-Sirghie, 2004). Oat R-glucan 
concentration as well as the quality of ~i-glucan which mostly determines the viscosity of oat 
slurries can be effectively increased through a selection program. 
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Literature Review 
Oat plants are annual grasses belonging to the family of Gramineae (Poaceae). They 
belong to the tribe Aveneae, which contains a large number of genera including 
Helictotrichon and Arrhenatherum, which are considered to be the most closely related 
genera to the oat. 
It is known that breeding for high grain yield is one of the most important objectives 
for oat enhancement. The main yield components of oat are: 
1) number of panicles per unit area, 
2) number of seed per panicle, 
3) Seed weight. 
Oat has the capability of compensation among the yield components, like other 
cereals and grasses. For example, there are usually larger seeds in the panicles that produce a 
small number of seeds. Whereas it is possible to breed for high yield per se, other traits must 
be considered, such as disease resistance, stiff straw and maturity adoption to develop high 
yielding cultivars (G. Marshall and M.E. Sorrells, 1992). The grain quality factors are low 
hull percentage, high test weight, and desirable chemical composition. Since oat hulls are low 
in nutritive value and energy, reducing hull percentage improves oats value for animal feed 
and human food. Oil concentration can also be an objective in breeding programs, with high 
oil desirable for animal feed and low oil desirable for human food. 
In Iowa, oat has traditionally been an important crop. It is used as a fodder for 
animals, especially poultry and horses. Oat straw is used as animal feed and also as animal 
bedding. As a human food, oat is served as porridge made from crushed or rolled oats, 
oatmeal, or baked into cookies together with wheat flour. It is one of the ingredients in 
muesli and granola. Occasionally, oats are also used for brewing beer. Oatmeal stout is one 
variety of beer brewed using a percentage of oat for the wort. Oat extract is used by the 
cosmetic industry to soothe skin conditions, e. g. in bath, skin products, etc. 
To increase the economic value of the oat crop and make it more competitive on the 
market, plant breeders have selected for altered chemical composition of the grain (Holland, 
3 
1997). Whole oat grain consists of a nutritious groat (caryopsis) covered by anon-nutritious 
hull that is primarily insoluble fiber (Wood, 1993). De-hulling is the first step in processing 
oat grain for food. Therefore, breeding for improved chemical composition in oat has focused 
on the chemical properties of groats. Oat grain protein has a well balanced amino acid 
composition and greater digestibility than legume proteins (Barnes, 1982). The oil content of 
oat is greater than other cereals. Approximately 40% of oat grain fatty acids are 
polyunsaturated (Welch, 1995). 
At present, the demand for oat cultivars with greater soluble fiber content is observed 
due to its beneficial effect on serum cholesterol levels in humans as well as other beneficial 
effects. It raised interest of many plant breeding groups as an objective for the selection 
program (Sacks, 1991). 
(3-glucan is a cell-wall polysaccharide found in seeds of the gramineae (Stinard and 
Nevins, 1980). Among cereals, oat and barley have the greatest concentration of (3-glucan, 
but oat generally has a larger proportion of soluble (3-glucan (Lee, 1997). ~3-glucan is found 
mainly in the endosperm and the subaleurone layer (Wood, 1993). Although genotype by 
environment interaction for (3-glucan content sometimes is a significant source of variation, 
the ranking of genotypes is generally consistent across environments (Lim et al., 1992; 
Peterson, 1991). (3-glucan content is affected by environmental factors, including soil 
nitrogen level and precipitation (Brunner and Freed, 1994). The characteristics of the 
inheritance of (3-glucan suggest that oat (3-glucan content could be effectively increased 
through a selection program. The inheritance of R-glucan content and the availability of 
technology developed to measure the trait rapidly by near infrared reflectance 
spectrophotometry (LAIRS) make possible the improvement of oat (3-glucan content through 
phenotypic selection. A positive correlation between grain yield and (3-glucan was observed 
in the generation means analysis (Holthaus at al., 1996). These results suggest that plant 
breeders should be successful in altering ~3-glucan in oat through direct selection for this 
genetically variable trait. 
Many health related effects of oats, such as cholesterol reduction, attenuation of blood 
glucose and insulin, and prolonged satiety, result from the high viscosity of their soluble ~3-
4 
glucans (Colleoni-Sirghie, 2004). Viscosity also affects the sensory characteristics of oats 
and oat products. Oat processing steps, involving thermal and mechanical treatment, can 
affect the resulting molecular size of ~i-glucan, and thus the viscosity of oat products (Wood, 
1993). Degradation of (3-glucans to low-molecular weight fragments reduces the resulting 
viscosity it is able to generate. In general, solubility and viscosity of a substance are 
controlled by its structure and molecular weight. (Wood, 1993). 
Oat Soluble Fibers (~3-Glucans) as a Source of Healthy Food 
Large amounts of oat products are not consumed habitually in a Western diet. 
However, ingestion of concentrated soluble fiber would reduce the bulk necessary to provide 
a sufficient amount of the effective component of oats. Standard oat varieties contain from 
4.5 to 5.0% ~3-glucan. Most food after processing contains insignificant amounts of this 
desirable component. According to FDA recommendation every adult should consume 11.5 g 
fiber / 1000kcal. Only 24% of adults meet this recommended dose. 
In oat grain, (1-3), (1-4)-R-D-glucan is primarily responsible for the beneficial effect 
of oat fiber on lowering blood serum cholesterol levels in humans (Davidson, 1991). Serum 
cholesterol levels are strongly related to coronary heart disease risk in humans. Oat soluble 
fiber, when added to the daily diet, tends to lower high serum cholesterol level, low density 
lipoprotein cholesterol and total blood cholesterol, particularly in individuals with initially 
greater levels of serum cholesterol (Welch, 1995, Shinnink, 1991). This results in a reduction 
of the risk of coronary heart disease. 
Cereal based food with high soluble (3-glucan quantity and quality are nutritionally 
desirable components of the human diet. Plant breeders seek to increase levels of these (3-
glucans in oat lines, which are processed to create new effective nutritional and functional 
foods. Oat cereal prepared from varieties with increased (3-glucan levels could deliver a 
cholesterol-reducing dose in a single serving, rather than in two servings, increasing delivery 
efficacy and reducing concomitant carbohydrate intake (Colleoni-Sirghie, 2003b). Oat 
soluble fiber tends to be more effective in individuals with high initial serum cholesterol 
concentration. To achieve a clinically relevant decrease in total serum cholesterol 
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concentrations, FDA recommended consuming ~3 g of (3-glucan from oats daily, which his 
equivalent to -~-40 g oat bran or ~60 g oatmeal (Kerckhoffs, 2003). On the other hand, 
Lovegrove (2000) concluded that a low dosage of (3-glucan (3 g/d) did not significantly 
reduce total cholesterol or LDL cholesterol. 
Oat products are highly desirable as health-promoting ingredients in food due to their 
bioactive components. In 1997, the U.S. Food and Drug Administration (FDA) approved the 
first food-specific claim for oat bran, authorizing the use of a health claim that states 
"Soluble fiber from foods such as oat bran, as part of a diet low in saturated fat and 
cholesterol, may reduce the risk of coronary heart disease". Most of the beneficial effects are 
attributed to ~i-glucans, a soluble fiber. Positive health effects include cholesterol reduction; 
modulation of glucose and insulin responses, which is highly desirable for the people with 
the type II diabetes; weight control; and improved function of digestion system (Duss, 2004). 
Therefore, (3-glucan content has been proposed as a target for plant breeding 
programs (Lim et al. 1992; Peterson et al. 1995; Doehlert et al. 1997b). Plant breeding 
programs designed to genetically alter the (3-glucan contents of oat germplasm would benefit 
from the information on the inheritance of this trait. The development of oat cultivars with 
greater groat (3-glucan contents should increase the nutritional and economic value of the oat 
crop. 
Effect of Oat Soluble Fiber on Serum CholesteNol Reduction 
Oat cereal prepared from varieties with increased ~i-glucan levels could deliver a 
cholesterol-reducing dose in a single serving, rather than in two servings, increasing delivery 
efficacy and reducing concomitant carbohydrate intake (Colleoni-Sirghie, 2003). Various 
mechanisms whereby oat fiber lowers cholesterol levels have been proposed. One potential 
mechanism is through an increase in bile acids or neutral steroids. Cholesterol is eliminated 
from the body by excretion of either bile acids or neutral steroids in the feces (Mayes, 1990). 
Another mechanism whereby oat bran may decrease cholesterol is via its effect on blood 
insulin levels. Frequent exposure of cell walls to insulin for long periods may contribute to 
the development of atherosclerotic lesions by increasing the cholesterogenic state (Florin, 
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1986). Increased viscosity of soluble fibers reduces postprandial blood glucose and insulin 
levels, which may reduce cholesterol levels. Oat soluble fiber tends to be more effective in 
individuals with high initial serum cholesterol concentration (Shinnink et al., 1991). 
Proposed Mechanisms for Cholesterol-Lowering Effect 
In general, fibers are classified into soluble and insoluble fibers. Soluble fibers have 
important effects on glucose and lipid metabolism, whereas insoluble fibers have greater 
effects on intestinal transit time and stool production. Oat bran is rich in water-soluble fibers 
(Webster, 1986). Many fibers have definite bile acid binding properties in vitro. The 
beneficial effect of plant fibers is attributed to an increase in bile acid and neutral sterol 
excretion by binding these sterols and preventing their reabsorbtion (Story and Kritchevsky, 
1976a). Thus, plant fibers interrupt the circulation of bile acids by increasing fecal loss of 
bile acids. Diets poor in fiber have a detrimental effect on human health. Bile acids are 
excreted less rapidly, bile acid return in the portal circulation is increased, hepatic bile acid 
synthesis is decreased, and more cholesterol is secreted into the serum as cholesterol-rich 
lipoproteins (Kritchevsky, 1978). Hopkins and Williams (1981) proposed that plant fibers 
increase bile acid excretion and deplete hepatic cholesterol pools, which could lead to more 
efficient hepatic removal of free cholesterol from high-density lipoprotein. 
Little research has been devoted to the mechanism of fiber binding. However, some 
evidence exists that fiber binds cholesterol and bile acids and may extract them from micelles, 
which are submicroscopic structural units of protoplasm, composed of a cluster of molecules. 
A fiber may deliver cholesterol to the colon, where it is degraded by bacteria (Webster, 1986). 
Andersson (2002) proposed that oat bran stimulates bile acid synthesis and as a result 
induced excretion of bile acids. 
Effects of Oat /3-glucans on Glycemic Index 
Large amounts of carbohydrates are consumed habitually in the western diet. Refined 
carbohydrates are absorbed very rapidly from the intestine into the blood stream, causing an 
increase in glycemic index (GI) and rapid secretion of insulin from the pancreas. Several 
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dangerous diseases are believed to be attributed to high GI. Scientific data suggested that a 
low GI diet may prevent type II diabetes, cardiovascular disease, metabolic syndrome and 
may reduce insulin resistance (Liu, 1998). It is improbable that large amounts of oat products 
will be consumed continuously in a western Diet. However, ingestion of concentrated oat 
soluble fiber, such as ~-glucans, would reduce the amount sufficient to improve lipid 
metabolism and prevent diseases (Torronen, R., 1992). As an example in this study, one of 
the patients was a diabetic receiving 20 units of insulin per day. After 10 days on the oat bran 
diet his insulin requirements were progressively reduced to zero, while maintaining his 
plasma glucose concentration within an acceptable range (Torronen, R., 1992). Braaten 
(1991) reported that oat gum, containing 80 % ~3-glucan lowers glucose and insulin after an 
oral glucose load. 
Oat ~-glucan and Weight Management 
Duss (2004) reported that oat (3-glucans when consumed 20-30 min before eating a 
meal form a thick viscous fluid in the stomach and small intestine that stimulates the 
sensation of satiety and helps limit appetite. As a result of prolonged digestion, nutrients are 
utilized by the body for a long time, which results in prolonged satiety and weight control. 
Judd (1981) conducted an experiment where rolled oats (125 g daily) were substituted for the 
breakfast cereals of 10 subjects for 3 weeks. He reported that fecal fat excretion was 
increased by 47% (p< 0.005) and fecal bile acid excretion by 35% (p< 0.01). 
Structure and Properties of ~3-glucan 
(3-glucan is a cell-wall polysaccharide found in seeds of the Gramineae (Stinard and 
Nevins, 1980). The (3-D-glucan of Avena coleoptile is a cell wall component. The basic 
linkage sequence of the Avena endosperm glucan was proved to be similar to coleoptile wall 
glucan (Nevins, 1977). The endosperm glucans are linear polymers with molecular weight of 
200,000 mol or much higher (Bourne, 1970; Reese, 1963). (3-glucan belongs to a family of 
polysaccharides that is heterogeneous with respect to size, solubility and molecular shape. 
Woodward et al (1983) reported that the molecular weights of R-glucan are in the range 150 
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000-300 000. Among cereals, oat and barley have the greatest concentration of (3-glucan, but 
oat generally has a larger proportion of soluble ~3-glucan. (3-glucan is found mainly in the 
endosperm and the subaleurone layer (Wood, 1993). Figure 1 depicts the structure of the oat 
groat. Acid hydrolysis of the purified polymer revealed that it contained only glucose. And 
partial hydrolysis and acetolysis gave cellobiose, laminaribiose, cellotriose, and 
oligosaccharides containing both 3-O-linked glucose and 4-O-linked glucose (Webster, 1986). 
In general, there is disagreement among scientists on the average R-glucan molecular weight 
and viscosities of the solutions. The reasons for those differences are considered to be due to 
variability in oat varieties, extraction conditions, and analytical techniques (Gomez, 1997). 
Both yield and the chemical and physical properties of soluble mixed-linked (3-glucan are 
influenced by many factors, such as the fine structure of the mixed-linked (3-glucan, 
interactions between cell-wall constituents, pretreatment, extraction conditions and activity 
of endogenous enzymes (Arran, 1989).The amount of (1-3 ), (1-4)-(3-D-glucan is relatively 
high. Values between 3 and 8.0% and between 2.2 and 6.2% of total weight, have been 
reported (Aman,1987; Beer, 1997). Standard oat varieties contain from 4.5 to 5.0% (3-glucan. 
(3-glucan with high molecular weight tends to have high viscosity (Gomez, 1997). 
Differences in the physical properties in oat (3-glucan are related to structure rather than 
molecular weight (Wood, 1994). 
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Figure l . The structure of oat groat. (www.bio.psu.edu/...1 faculty/Gilro~rlaleuron.htrnl) 
Soluble (3-glucan from oats is an unbranched polysaccharide composed of (1-3) and 
(1-4) linked glucose residues (Figure 2) The (1-3 (3-D-glucopyranosyl units (~30%) are 
substituted at position 4, and (1-4)-linked-(3-D-glucopyranosyl units (~70%) are substituted at 
the position 3 and 4. Although longer sequences have been reported (Woodward, 1983. 
Wood, 1991a), most of the (1-4)-linkages occur in groups of two or three (Roubroeks, 2000). 
R-glucan can be considered as a linear chain of (3-(1-3)- linked cellotriosyl and cellotetraosyl 
units, arranged randomly (Gomez, 1997). Methylation analysis and enzymic hydrolysis 
revealed that water soluble (3-D-glucan contained linear chains with (1-3),(1-4) linkages in 
the proportions 1:2.6 (Aspinall, 1984). The presence of (1-3)-linkages in the glucan chain is 
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responsible for the irregularities in the molecular shape. As a result, the mixed-linked (3-
glucans are more soluble and easier to hydrolyze than in cellulose (Theander, 1993). During 
oat germination, the (3-glucanases, synthesized in the aleurone layer and in the scutellum, 
degrade carbohydrates into shorter chains. The greater the length of uninterrupted ~i-(1-4)- or 
~i-(1-3)-linked chains, the greater the similarity of those portions of the molecule to cellulose 
or curdlan, both highly associated, water insoluble polymers (Webster, 1986). 
~~ ~ w ~ 
,~ ~M ~~ 
-.~ 
E~ H 
~', 
Figure 2. (3-glucan molecular structure. 
~~ Wi . ~ ~. 
i M ~,-~~~ 
ttl,~v,, 
Soluble and insoluble fiber can have different effects on cereal fermentation and fecal 
extraction (Eastwood et all, 1985, Jenkins et al, 1978, Anderson and Chen 1979). There is, 
however, no sharp distinction between the water soluble and water insoluble parts. The ratio 
depends on the pretreatement and solubilization procedures used. In barley, on average, 54% 
of the mixed-linked ~3-glucan was soluble, vs. 80% in oat (Graham, 1988). The variation in 
solubility and content of R-glucans is attributed to both genetic and environmental factors 
(Hesselman, 1982; Bourne, 1984; Aastrup, 1985; Lee, 1997). 
The concentration ofmixed-linked (1-3),(1-4)- R-D-glucan is altered during different 
stages of growth and development, and also during storage of harvested oat grain. It increases 
during kernel development and decreases at later stages of maturity. As a consequence, total 
mixed-linked (1-3),(1-4)- (3-D-glucan content is influenced by the stage of development and 
as well as cultivar and growing conditions. Aman (1989) reported that close to harvest and 
during early storage significant decreases in total and soluble (3-glucan contents were 
apparent. However, soluble and insoluble mixed-linked (3-glucan content remained constant 
during the remainder of the 6-month storage time. Results suggested no activity of 
endogenous mixed-linked R-glucan degrading enzymes during storage period (Arran, 1989). 
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Oat (3-glucans and Viscosity 
Viscosity is the thickness or resistance to flow of a liquid. ~3-glucan increases 
viscosity in the intestine. Many health related effects of oats, such as cholesterol reduction, 
attenuation of blood glucose and insulin, and prolonged satiety, result from this high 
viscosity. Oat lines have variation in viscosity and this trait is positively correlated with R-
glucan concentration. Most of the viscosity is due to (3-glucan, and viscosity due to other 
components is generally constant among cultivars (Bendelow, 1975). Significant decrease in 
the apparent viscosity was observed when a (3-glucan-degrading enzyme, lichenase was 
added (Doehlert et al 1997b). Colleoni-Sirghie (2004) reported that after enzymatic removal 
of R-glucan with lichenase a decrease in peak viscosity was observed and it was correlated 
with (3-glucan concentration (r = 0.880, P < 0.01). That reconfirmed the (3-glucan contribution 
to pasting properties. When deionized water was used for dispersion, the correlation between 
viscosity and (3-glucan content was r = 0.89, P < 0.010, and when silver nitrate was used for 
dispersion to inactivate (3-glucanases present in the flour and originating from grain or 
microbial contaminants the correlation reported was r = 0.91, P > 0.001. 
~i-glucans are considered to be responsible for the prolonged sensation of satiety and 
limited appetite due to the formation of a thick viscous fluid in the stomach and small 
intestine (Duss, R., 2004). Viscosity also affects the sensory characteristics of oats and oat 
products. The processing steps, involving thermal and mechanical treatment, can affect the 
resulting molecular size of (3-glucan, and thus the viscosity of oat products (Wood, 1993). 
Degradation of (3-glucans to low-molecular weight fragments reduces the resulting viscosity 
it is able to generate. In general, the solubility and viscosity of a substance are controlled by 
its structure and molecular weight. (Wood,l993). Viscosity measurements can be assessed by 
measuring different pasting parameters, such as the thickness of porridge during cooking 
(peak viscosity), the time porridge takes to cook (time to peak viscosity), and the temperature 
at which thickening begins (pasting temperature), and the consistency of the cooked porridge 
at eating temperature (setback) (Zhou et a12000). Research conducted in Australia revealed 
the desirable characteristics for oat food products such as high relative mean values for 
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pasting peak viscosity, but low pasting temperature and short time to peak viscosity; high 
final viscosity and flour swelling (Hall and Tarr, 2000). 
Viscosity is measured using a Rapid Visco Analyzer (RVA) and expressed in RVU 
units (Doehlert, 1997a). The RVA method for screening oat lines for R-glucan quantity and 
functional quality is important. This is a method of measuring viscosity development in oat 
flour slurries. In oat, viscosity analysis normally involves extraction of soluble components 
from oat bran or flour, and measuring extract viscosity. This information provides indirect 
means of estimating soluble non-starch polysaccharide content, consisting mainly of mixed-
linked (3-glucans. The method is fast and provides graphical record of viscosity changes with 
time (Colleoni-Sirghie, 2004). 
Zhou et al (1997) studied the effect of oat lipids, storage, processing, sowing date, 
and soil nitrogen, and plant density on oat pasting properties. They found that the quantity 
and source of oil affected pasting properties. Pasting temperature and set back were 
positively correlated with oil content, while peak viscosity was negatively correlated. For 
ground groats final viscosity changed during storage. The probable reason for that was lipid 
rancidity or interaction between lipids and starches, while there were few changes for whole 
groats. There was no common tendency in the changes between varieties or with varying 
lengths of storage time. Processing (rolling, steaming or kilning) increased the viscosity of 
the oatmeal compared to the raw curve. Increased soil nitrogen decreased peak viscosity. 
Other ingredients mixed with oat flour have a small contribution to the resulting 
viscosity as well, such as starch, lipids, sugars, emulsifiers, gums, or salts. Molecular weight 
and structure of R-glucan also affect resulting viscosity (Doehlert, 1997a). That is why 
viscosity does not correlate completely with ~3-glucan content. Both lipid composition and 
lipid content were reported as affecting pasting properties of oatmeal (Zhou et al 1999). 
Development of the viscosity in flour slurries depends a lot on the treatment conditions. 
Steaming of whole oat and barley resulted in the increased viscosity over a 3-h experimental 
interval and the analysis indicated that viscosity would continue to increase in a hyperbolic 
pattern for at least 8 h; whereas, raw oat slurries developed increasing viscosity only for 3 0 
min. These findings were attributed to the enzyme inactivation in the grain. The correlation 
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between the viscosity of steamed oat and barley with (3-glucan concentration was 0.717 and 
0.984 respectively (Doehlert, 1997a). 
(3-glucan Extractability 
A trait related to viscosity is (3-glucan extractability. Extractability has two 
interpretations. First, of the total (3-glucan in the grain, what fraction will solubilize out of oat 
flour? This fraction can be measured by contrasting ~i-glucan content in the supernatant of a 
centrifuged solution versus total sample ~i-glucan content (Colleoni-Sirghie et al. 2004). 
Second, how rapidly will (3-glucan in the flour enter solution? This quantity can presumably 
be related to the slope of increase in viscosity or to the time to peak viscosity measured in a 
viscometer (Colleoni-Sirghie et al. 2004). Extractability of (3-glucan in oats and barley is 
affected by many factors, such as the pH of the solution used for the extraction, temperature 
and time of the measurement. Such components as starch, pentosans and protein may also 
contribute to the resulting viscosity (Bhatty, 1992). 
Selection for (3-glucan Content 
Success of oat breeding programs depends on such factors as (i) the amount of 
genetic variation available in adapted and exotic genotypes, (ii) heritability of the trait, (iii) 
stability of the trait across environments, (iv) association of the trait with other desirable and 
undesirable traits (Peterson, 1995). Oat (3-glucan content is a polygenic trait under the control 
of genes with mainly additive effects. Interallelic interactions have not been found to date 
(Kibite and Edney, 1998; Holthaus et al., 1996). Although genotype by environment 
interaction for (3-glucan content sometimes is a significant source of variation, the ranking of 
genotypes is generally consistent across environments (Lim et al., 1992; Peterson, 1991). (3-
glucan content is affected by environmental factors, including soil nitrogen level and 
precipitation (Brunner and Freed, 1994). Peterson (1995) reported that there were consistent 
positive correlations between (3-glucan content and test weight, protein content, and groat 
percentage, and negative correlations between heading date and (3-glucan content. 
Saastamoinen et al. (1992) conducted research in Finland and found a positive correlation 
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between ~3-glucan concentration and grain yield, test weight, and kernel weight as well as 
several negative correlations between (3-glucan concentration and protein concentration and 
hull percentage among variety trials at eight locations for two years. On the other hand, 
Brunner and Freed in 1994 reported that correlations between groat protein and groat (3-
glucan were significant, relatively large and positive for two years. The correlations between 
(3-glucan concentration and test weight, hull percentage, grain yield, and groat weight were 
mostly small or non significant. He also reported that cultivar x year and cultivar x location 
interactions were significant. Welch and Lloyd (1989) established that kernel (3-glucan 
content was not closely linked to other kernel and plant characteristics. Peterson (1995) 
reported that nonexistent or inconsistent correlations between (3-glucan content and 
agronomic traits across years or nurseries were observed. His conclusion was that (3-glucan 
was not consistently correlated with any agronomic traits, and therefore there is little chance 
of the undesirable shifts in other traits that would hinder the breeding process. Brunner and 
Freed (1994) reported that (3-glucan concentration was affected by year. They found a 
positive correlation between nitrogen and (3-glucan content, between groat protein and groat 
(3-glucan. However, correlations between (3-glucan content and test weight, hull percentage, 
grain yield, or groat weight were mostly small or not significant. 
Peterson (1991) reported that the ranking of cultivars was consistent across locations 
except one location. It was concluded that selection for high (3-glucan made from plants 
grown in one or few environments will be a reliable indicator of the relative performance in 
other environments. As a consequence, work efficiency will increase significantly, since 
there is no need for extensive testing in early generations. Saastamoinen (1989) reported a 
significant positive correlation between (3-glucan content and grain yield and significant 
negative correlation between (3-glucan content and growing time. Fastnaught (1996) reported 
that barley cultivars with waxy starch and hull-less seed had higher (3-glucan content than 
feed cultivars or commercial malt that had normal starch and covered seed genotypes. 
The characteristics of the inheritance of (3-glucan and the recent technology 
developed to measure the trait suggest that oat (3-glucan content could be effectively 
increased through a selection program. On the one hand, breeding can help increase beta-
glucan content. On the other hand, there are management practices that oat producers can 
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use to increase the beta-glucan content of their crop. Welch (1991) reported that increased N 
resulted in increased ~i-glucan content. He also reported that the high protein cultivars had 
low ~i-glucan content and the low protein cultivar had high R-glucan content. (3-glucan 
content tended to increase with delayed seeding. 
~i-glucan is an interesting trait to study from a plant breeding perspective. Selection in 
both directions for high and also for low R-glucan content can be conducted depending on the 
objective of a breeding program. R-glucans are responsible for the low productivity value of 
barley and oats as feed for broiler chickens, mainly because of their effect on starch 
utilization (Hesselman, 1983; Hesselman, 1985). Cave (1990) reported that increased (3-
glucan content in broiler chickens' diets reduced rate of growth and the availability of 
metabolizable energy and amino acids. Selection for low (3-glucan content would be effective 
in those cases. 
Methods to Measure (3-Glucan Content 
A variety of methods to measure (3-glucan content in cereals have been reported in the 
literature. The colorimetric method is based on the use of the fluorophore containing 
compound, Calcofluor. The compound specifically binds the R-glucan molecule (J~argensen 
1988). The method requires expensive equipment. The enzymatic method (McCleary and 
Glennie-Holmes 1995) is costly and laborious. Moreover, it is difficult using most methods 
to get a precise measurement because of incomplete extraction of (3-glucans and because (3-
glucan contents are relatively low content since starch is the major constituent in grain 
samples (Wood, 1984). For example, the relationship between the enzymatic method for 
analysis of total mixed-linkage (3-glucan in cereal grains developed by Aman (1985) and a 
fluorimetric method using Calcofluor was close (slope 1.17, r=0.92), however with an 
enzymatic method using highly purified (3-glucanases, and carried out at the Carlsberg 
Research Center, was weaker (slope 0.92. r=0.78) (Arran, 1985). 
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Enzymatic Method to Measure ~3-glucan Content 
The enzymatic method can be applied to oat, barley, malt, and beer samples. The 
enzymatic method is Approved Method 32-23 (AACC 2000) and uses a mixed (3-glucan 
linkage kit (Megazyme Int., Wicklow, Ireland). The method is accurate, reliable and 
convenient for assaying mixed-linkage beta-glucan in these and other products. The assay is 
absolutely specific for mixed-linkage beta-glucan. In barley containing 4.0%total ~3-glucan, 
the method is accurate to 4.0+0.1 % (Megazyme). 
Prior to starting the experiment one should prepare the enzymes and reagents. The 
enzymes used were lichenase enzyme (50 U/mL in 20 mM sodium phosphate buffer, pH 6.5, 
and (3-glucosidase enzyme (2 U/mL in 50 mM sodium acetate buffer, pH 4.0). The buffers 
used were sodium phosphate buffer (20 mM, pH 6.5) and sodium acetate buffer (50 mM, pH 
4.0). To prepare glucose oxidase/peroxidase reagent (GOPOD) three chemicals are used: 
potassium dihydrogen orthophosphate (13.6 g), sodium hydroxide (4.2 g) and para-
hydroxybenzoic acid (3 g). The chemicals are dissolved in 900 ml of distilled water by 
stirring at room temperature. The pH is adjusted to 7.4 using either 2 M hydrochloric acid or 
2 M sodium hydroxide (as required). The volume is adjusted to one liter. The solution is 
stored in a dark bottle at 4 C and is stable for at least 12 months. 
The principle of the method is that the samples after suspension and hydration in a 
buffer solution of pH 6.5 are incubated with purified lichenase enzyme. An aliquot of the 
filtrate is then reacted to completion with purified beta-glucosidase enzyme. The glucose 
produced is assayed using a glucose oxidase/peroxidase reagent. 
Glucose standard consisting of 0.1 mL sodium acetate buffer + 0.1 mL glucose 
standard (500 µg/1 mL or 1000 µg/1 mL) + 3.0 mL GOPOD reagent is used to convert 
optical density to glucose concentrations. 
The first step of the actual measurement is to mill oats (approximately 50 g) to pass a 
0.5 mm screen on a centrifugal mill. A flour sample (80-120 mg) is added to a plastic tube 
and tapped to ensure that all of the samples falls to the bottom of the tube. The sample is then 
wetted with 0.2 ml of aqueous ethanol (50% v/v) to aid dispersion. After that, sodium 
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phosphate buffer is added (4.0 ml, 20 mM, pH 6.5) and the contents are stirred on a vortex 
mixer. On mixing, the tube is immediately placed in a boiling water bath and incubated for 
60 s, then stirred and incubated at 100 C for a further 2 min, and stirred again. The tube plus 
contents is incubated at 50 C and allowed to equilibrate for 5 min. The next step is to add 
lichenase (0.2 ml, 10 U) and to stir the tube contents. Then the tube is incubated for 60 min at 
50 C, with occasional vigorous stirring (3-4 times) on a vortex mixer. After that sodium 
acetate buffer is added and the tube is vigorously stirred on a vortex mixer. The tube is 
allowed to equilibrate to room temperature for 5 min and is then centrifuged for 10 min. The 
next step is to dispense aliquots (the supernatant) (0.1 mL) into the bottom of three test tubes 
(12 ml capacity) using a Gilson Pipetman. The next step is to add (3-glucosidase (0.1 mL, 0.2 
U) in SOmM sodium acetate buffer (pH 4.0) to two of these tubes, and to the third (the blank), 
add 50 mM acetate buffer (0.1 mL, pH 4.0). All tubes are incubated at 50 C for 10 min. To 
each tube, GOPOD (1.5 ml) is added and the tubes incubated at 50 C for further 20 min. 
With each set of determinations (usually 20-30 samples), glucose standards of l00µ grams 
(in 0.1 mL) are included, as well as two control flours of known (3-glucan content. The 
reagent blank consists of 0.1 mL distilled water + 0.1 ml sodium acetate buffer + 3.0 ml of 
glucose oxidase/peroxidase (GOPOD) reagent. The glucose standards consist of 0.1 ml 
sodium acetate buffer + 0.1 ml glucose standard (100 mg/0.1 ml) + 3.0 ml GOPOD reagent. 
The absorbance (510 nm) is measured within an hour. 
Calculations 
Using the absorbance of the sample treated with (3-glucosidase minus the absorbance 
of the blank, the following calculations allow (3-glucan content to be determined. 
(3-glucan, (% w/w) = OE*F*94 *  
1  ~ 100 * 162 _ 
DE* F *8.46 
1000 W 180 W 
where 
DE =Absorbance after beta-glucosidase treatment minus blank absorbance. 
F is a factor for the conversion of absorbance values to micrograms of glucose that is based 
on the glucose standard: 
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F= 
100 ,ug glucose 
absorbance 100 ,ug glucose 
94 =Volume correction factor (0.1 mL aliquot out of 9.4 mL solution was analyzed for 
optical absorbance). 
1 
— Conversion from micrograms to milligrams. 
1000 
100 
= Conversion back to 100 milligrams of sample. 
W 
VV =Mass of sample analyzed. 
162 
180 
= A factor to convert from free glucose, as used in the glucose standard, to anhydro 
glucose, in which is the hydrolysis product is (3-glucan by (3-glucosidase. 
Near-Infrared Spectroscopy 
Near Infrared Spectroscopy (LAIRS) is an economical, fast, and non-destructive 
technique. LAIRS analysis is a method widely used to measure the protein, moisture, oil, 
starch, sucrose, fiber, grain texture, and lysine contents of agricultural products (Osborne et 
al., 1983; Osborne, 1981). This method is based on the relationship between the reflectance 
of near-infrared light by substances and their chemical composition (Henry, 1985). Chemical 
bonds in molecules are always vibrating. The molecules absorb radiation when the vibration 
is at the same frequency as the radiation wave. Since vibrations occur at fixed frequencies, 
molecules have characteristic absorption bands corresponding to these fixed frequencies. In 
addition, the radiation absorbed is proportional to the number of similar chemical bonds that 
are vibrating (Osborne, 1981). The near-infrared region of the electromagnetic spectrum is 
located between the region visible to the human eye (400-700 nm) and the infra-red (IR) 
region (2500-15000 nm). Substances have absorption bands in the LAIR and IR regions. The 
LAIR region is convenient to analyze protein, oil, fiber and some other constituents. 
Estimating R-glucan quantity with this method has been hindered by the similarity of spectra 
of different polysaccharides. Henry (1985) attempted to determine total (3-glucan content in 
19 
barley by NIRS, but was unable to obtain a satisfactory prediction (r=0.69). To date, only (3-
glucan quantity, but not quality has been reached as a potential target for NIRS prediction. 
Thesis Organization 
This dissertation is written in an alternate format composed of papers already drafted, 
preceded by a general introduction and ending with a conclusion chapter. References cited 
within each chapter have been placed immediately after the chapter. 
The first paper, presented in Chapter 2, "Selection for Nutritional Function and Good 
Agronomic Performance in Oat" was prepared for publication in Crop Science in 2006. This 
paper discusses the selection methods to measure ~-glucan content and nutritional function in 
oat and also uses a powerful population design to identify epistatic interaction between high 
~-glucan parents and agronomic parents. The second manuscript, presented in Chapter 3, 
"Near infrared reflectance spectroscopy for prediction ofbeta-glucan content and viscosity 
of oat slurry", determines the effectiveness ofnear-infrared (NIR) technology for analyzing 
the ~3-glucan quantity and quality in oat. The authors of both manuscripts were A.A. 
Chernyshov (graduate student and primary researcher at the Agronomy Department of Iowa 
State University), J.-L. Jannink (associate professor at the Agronomy Department of Iowa 
State University), M.P. Scott (USDA-ARS), and P. J. White, Jr. (university professor at the 
Department of Food Science and Human Nutrition). 
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CHAPTER 2: SELECTION FOR NUTRITIONAL FUNCTION AND 
GOOD AGRONOMIC PERFORMANCE IN OAT 
A paper to be submitted to Crop Science 
Chernyshov A. A.,1 White P. J.,2 Scott M. P.,3 and Jannink J.-L. 1
Abstract 
(3-glucan in oat (Avena Sativa L.) grain is primarily responsible for the beneficial 
effect of oat fiber on lowering blood serum cholesterol levels in humans. Serum cholesterol 
levels are strongly related to coronary heart disease risk in humans. Oat soluble fiber, when 
added to the daily diet, tends to lower serum cholesterol, particularly in individuals with 
initially greater levels of serum cholesterol. Those beneficial effects are attributed to the 
ability of oat to generate viscosity. The objectives of this study were to estimate the genetic 
components of variance in (3-glucan concentration, viscosity and viscosity deviation in high 
(3-glucan lines, elite agronomic lines, and variance in their population crosses. The second 
objective was to evaluate the differences between elite agronomic lines and high ~i-glucan 
lines for (3-glucan, viscosity and viscosity deviation. The third objective was to use a 
powerful population design to detect epistatic interaction among parents. 
' Iowa State University, Department of Agronomy 
2 Iowa State University, Department of Food Science and Human Nutrition 
3 USDA Agricultural Research Service, Corn Insects and Crop Genetics Research Unit, Department of 
Agronomy, Iowa State University 
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North Carolina Design II (Lynch and Walsh, 1998) was used for the experiment to 
cross twelve completely inbred lines high in of (3-glucan concentration with twelve inbred 
lines with good agronomic performance. F3:4 generation was evaluated in a field experiment 
in 2005 at two Iowa locations for biomass and grain yield,and oat grain was analyzed in the 
laboratory for the (3-glucan content and viscosity. The range in (3-glucan concentration was 
from 37.1 g kg-' to 73.5 g kg"'. A positive correlation (r2=0.38) was found between (3-glucan 
content and Log transformed viscosity. However, high (3-glucan lines tended to have low 
grain yield and biomass. Generally, significant variation among both parents was observed 
for most traits. Both a variance among line within families and the variance among progeny 
within families were significant for most of the traits. Due to significant variation in the 
viscosity deviation among crosses, one can select for (3-glucan concentration based on the 
viscosity deviation variance among crosses. 
Introduction 
Dietary fiber is an essential component in the human diet. The soluble fiber (1-3),(1-
4)-R-D-glucose ((3-glucan) has been identified as the active component that lowers serum 
cholesterol (Kirby et al 1981, Davidson, 1991). This reduction results in a decreased risk of 
coronary disease. It also reduces the risk of colon cancer, and alleviates the symptoms of 
diabetes. Standard oat varieties contain from 4.5 to 5.0% of (3-glucan. Large amounts of oat 
products are not consumed habitually in a Western diet. However, a more concentrated 
soluble fiber would reduce the bulk necessary to provide a sufficient amount of this effective 
component. Therefore, (3-glucan content has been proposed as a target for plant breeding 
programs (Lim et al. 1992; Peterson et al. 1995; Humphreys and Mather, 1996; Doehlert et 
al. 1997). 
An important mechanism whereby soluble dietary fiber lowers glucose, blood 
cholesterol, and insulin concentrations is their capacity to increase the viscosity of intestinal 
chime (Welch 1995). Viscosity is the thickness or resistance to flow of a liquid. Because of 
its functional importance, we propose that the viscosity of oat flour solutions should be in 
itself a target of selection. Relative to oat ~3-glucan content, two approaches can be 
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considered to enhance viscosity of solutions. First, regression analyses have shown a positive 
effect of ~-glucan content on viscosity (Colleoni-Sirghie et al., 2004, Doehlert et al., 1997) , 
reinforcing the argument in favor of selecting for high ~i-glucan content. Second, viscosity 
does not correlate completely with ~-glucan content. Indeed, regression analyses have also 
shown that the viscosity of some oat lines deviated significantly from the regression 
prediction, indicating that, for a given ~3-glucan content, some lines generate more viscosity 
and some less viscosity (e.g., Doehlert et al., 1997). Besides ~-glucan content, viscosity 
depends on other oat flour constituents, and on ~-glucan molecular weight and structure 
(Colleoni-Sirghie, 2003b). Little research has been devoted to understanding the precise 
relationship between ~i-glucan molecular weight and structure and its ability to generate 
viscosity. Nevertheless, differences in the ~3-glucan structure and molecular weight among 
lines may contribute to whether the lines generate higher or lower viscosity than predicted 
based on ~3-glucan content. We call the deviation of viscosity from its prediction based on ~3-
glucan content the "viscosity deviation." 
To our knowledge, the inheritance of viscosity per se and of the viscosity deviation 
has not been studied. Plant breeding programs designed to improve the nutritional function of 
oat germplasm would benefit from the information on the inheritance of viscosity per se and 
of viscosity deviation. Previous study has shown that oat ~-glucan content is a polygenic trait 
under the control of genes with mainly additive effects and no interallelic interactions have 
been found (Holthaus et al., 1996; Kibite and Edney, 1998). 
The purpose of this study was to: (i) to estimate genetic components of variance for 
~3-glucan content, viscosity, and viscosity deviation in elite agronomic lines, high ~-glucan 
lines, and in their population cross; (ii) to evaluate the differences between elite agronomic 
lines and high ~3-glucan lines for these traits; (iii) to use a mating design to detect epistatic 
interactions affecting these traits. These results will enable design of breeding methods to 
target not only ~-glucan concentration, as has been done in the past, but, more generally, to 
improve oat nutritional function, thus enhancing the grain's value for producers, processors, 
and consumers. 
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Materials and Methods 
Plant nZate~ial 
Crosses were made in 2003 between two germplasm sources (Figure 1). Germplasm 
with high agronomic quality came from the Early and Mid-Season Uniform Oat Performance 
Nursery coordinated by the United States Department of Agriculture (USDA; 
http://wheat.pw.usda.gov/ggpages/UE-MOPN.html). Germplasm with high (3-glucan content 
came from a (3-glucan selection study (Cervantes-Martinez et al., 2001). That program was 
designed to select oat lines with increased amount of (3-glucan without regard to agronomic 
performance; therefore those lines were not necessarily agronomically desirable. Twelve 
lines from each germplasm source were used (Table 1). A North Carolina Design II (Lynch 
and Walsh, 1998) with three sets each containing four agronomic parents and four (3-glucan 
parents was used to cross inbred lines (Figure 2). This resulted in 48 crosses. Seed from these 
crosses were advanced by single-seed descent and F3:4 lines were obtained from each cross. 
In 2005, 3841ines derived from the 48 crosses and 24 parents were grown at the Ames 
Research Farm of Iowa State University and the Northern Research Center near Kanawha, IA 
with four replications in each location. The preceding crop was soybeans for both locations. 
The soil types were Webster loam (fine loamy, mixed, mesic Typic Haplaquoll) for Ames 
and Canistoe loam (fine loamy, mixed, mesic (calcareous) Typic Haplaquoll) for Kanawha. 
Sowing dates were April 4t", 2005 for Ames and April St", 2005 for Kanawha. The harvest 
dates were July 13th, 2005 for Ames and July 27th, 2005 for Kanawha. The lines were planted 
in a sets in replications design with each set containing four agronomic lines, four (3-glucan 
lines, and one representative F3:4 1ine of each of the 16 possible agronomic x (3-glucan 
crosses. Entries were planted in hill plots containing 30 seeds per plot. Hills were spaced 0.3 
m apart in perpendicular directions. Each experiment was surrounded by two rows of hills of 
a standard variety to provide the competition for border plots. The (3-glucan content and 
viscosities of a representative of each sample were measured as follows. 
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Sample p~epa~ation 
Oats were dehulled with an air-pressure dehuller (Codema, Eden Prairie, MN) and 
ground in an ultra centrifugal mill (ZM-1, Retch GmbH&Co, Haan, Germany) with a 0.5-
mm sieve and with the speed selection set at 1. Strict control of seed quantity (milled in 20 g 
batches), time of milling (30 sec), and position of the sieve in the mill were applied. 
Viscosity evaluation 
Viscosity was measured using a Rapid visco Analyser (RVA, Newport Scientific, 
Warriewood, Australia), as a function of temperature, time, and stirring. In the RVA 
experiment the 4 g of flour was weighed and deionized water was added to reach a total 
weight of 2J 8 g. The temperature and stirring profiles selected were a constant 5 5 °C 
temperature, and stirring speed 960 for the first 10 seconds and 160 till the end of the 
measurement. We selected the constant 5 5 °C temperature to aid solubilization of ~3-glucan, 
but to avoid starch gelatinization. This temperature, therefore, avoided excess contribution of 
starch to sample viscosity. The measurement of viscosity was recorded every four seconds. 
Total time of the viscosity measurement was 10 min. Curves were obtained and the viscosity 
was expressed in RVU units. For some samples it was easy to identify a peak viscosity, but 
for most samples the viscosity reached a plateau in the first couple of minutes such that it 
was difficult to define a peak (Figure 3 ). The viscosity measurement analyzed below was the 
average viscosity from 5 to 7 minutes on the curve. All measurements were taken in two 
replications and the average between two replications was considered the actual value for 
each sample. 
~3-glucan evaluation using a micro enzymatic method 
The (3-glucan concentration in flours was determined enzymatically using a mixed 
linkage (3-glucan kit (Megazyme Int., Wicklow, Ireland). Modifications were made to the 
Approved Method 32-23 (AACC 2000), which allowed us to increase the number of samples 
analyzed per unit time and cost spent. We followed kit directions until step 8 of the 
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procedure. Thus oat flour suspension, and ~-glucan solubilization and hydrolysis with 
lichenase all follow the Approved Method 32-23 (AACC 2000). From there, 5µL aliquots 
were dispensed into the cells of a 96-well plate. 5 µL R-glucosidase were added and plate 
was incubated for 10 minutes. 150 µL of Glucose oxidase/peroxidase reagent (GOPOD) were 
added to each cell. With each plate glucose standards of five different concentrations in two 
replications were included. Therefore, ten randomly-selected cells on the plate were filled 
with glucose standards. The concentrations were 125, 250, 375, 500, 625 µg mL-1 of glucose 
in 50 mM sodium acetate buffer. Ten µL glucose standard and 1 SO µL GOPOD reagent were 
added to each glucose standard cell. Glucose concentration of the standards was regressed on 
their optical density. This calibration curve was used to predict the amount of glucose in each 
sample aliquot, which was in turn converted to a ~3-glucan content using a formula given in 
the mixed linkage kit. Glucose standard concentrations were chosen so that optical densities 
from samples were located in the middle of the calibration curve. The absorbance at 510 nm 
was measured within an hour with a spectrophotometer. Because all samples were tested in 
duplicate, repeatability was assessed by the standard deviation of differences between 
duplicate tests of the same freshly ground sub samples. All results were expressed as grams 
of ~3-glucan per kg of moisture-free flour. 
Experimental design and statistical analysis 
Lines were planted in an incomplete block design with four replications at each of 
two environments (Ames and Kanawha). A set, which consisted of four inbred agronomic 
parents, four inbred ~i-glucan parents, and 16 F3:4 progeny lines, was assigned to each 
incomplete block. Each progeny line represented one of the 16 possible pairwise crosses 
between an agronomic and a ~3-glucan parent, and could be classified according to family 
(identified by the pair of crossed inbred parents) and to a progeny line within a family. In 
each replication the inbred parents and the 16 families were constant for a given set, but 
different F3:4 progeny lines within families were used to represent each family. 
Variance components and predictors of line effects were estimated in a Bayesian 
analysis using WinBUGS (Spiegelhalter et al. 2004). WinBUGS code to fit the models is 
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available from the corresponding author upon request. Separate linear models were used to 
fit the inbred parents and the progeny lines, as follows. 
P~km = Blkl + Popp + ParentkU) + Errorm 1. 
Liabcd = Blkl + ~, +Agra + Betb +Agr*Betab + Linec~ab) + Errord 2. 
where P~kl is the effect of inbred parent k from population j ~' =agronomic or ~3-glucan) in 
block i; and Liabcd is the effect of F3:4 progeny line c derived from the cross between 
agronomic parent a and ~-glucan parent b in block i. The linear model for the progeny lines 
necessitated an additional intercept, ~,, that accounted for the fact that the overall progeny 
line mean might be different from the overall inbred parent mean. The shared term between 
these two models, Blkl, allowed for improved estimation of block effects, since inbred 
parents were constant across blocks. The prior distribution for block effects was normal with 
a very high variance: Blkl ~ N(0, 106). The large variance ensured that the prior distribution 
had essentially no influence on the block effect, and that block effects absorbed both location 
and replication effects (Edwards and Jannink, 2006). The prior for Popp with j = ~3-glucan 
was also distributed as N(0, 106). To make this effect estimable, Popp for j =agronomic was 
2 set to zero. Prior parent effects were distributed as ParentkU = agronomic> ~' N(0, 6 p_A) and 
ParentkU = R-glucan) ~ N(0, 6 2p_B), allowing the agronomic and R-glucan parents to have distinct 
variances. Moving to the effects modeling for progeny lines, ~, ~ N(0, 106) , Agra ~ N(0, 
62GCA_A) , Betb ~ N(0, 62GCA_B) ~ Agr* Betab ~ N(0, 62scA), and Linec~ab) ~ N(0, 62L). Note 
that only a single replication of each progeny line was evaluated such that genetic variation 
among progeny lines within a cross was confounded with error variation. Such confounding, 
however, was not the case for the inbred parental lines. The estimation of ~2L depends on the 
assumption that error variances for the inbred parents and for the progeny lines are equal. In 
the model, this assumption was realized by setting Errorm ~ N(0, 62) and Errord ~ N(0, ~2). 
All variance components in turn were given uninformative inverse gamma priors 62. 
IG(0.001, 0.001) (Edwards and Jannink, 2006). 
Variance components for viscosity deviation were estimated by adjusting viscosity 
for (3-glucan content using the following models. 
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P ~km = B lkl + ~ * [i ~km + Popp + Parentk~~ + Errorm 3 . 
Llab~d = Blkl + ~*~lab~d + ~, +Agra + Betb + Agr*Betab + Line~~ab~ + Errord 4. 
where R~km and R,ab~d were the R-glucan contents for the specific parental and line 
experimental units, and 8 was the regression coefficient of log(viscosity) on (3-glucan content 
that was assumed the same for inbred parents and progeny lines. The prior for b was 8 ~ N(0, 
106). 
Bayesian analyses provide posterior distributions of parameters which can be used to 
evaluate probabilities of interest, such as P(~, < 0). Because the posterior probabilities of 
variances are constrained to being greater than zero, however, they are not well-suited to 
evaluating the "significance" of these variances [indeed P(62 > 0) = 1 ] . To decide whether a 
variance should be accounted for and is biologically relevant, a 95 %highest posterior density 
interval can be constructed, and evaluated for its distance from zero (Gelman et al. 2004). 
Here, we used a simple heuristic approach that could easily be implemented with standard 
spreadsheet software to decide whether a variance was observable. The variance's posterior 
median, m, was calculated and the posterior mass between zero and 5 m determined. If that 
mass was less than half of the posterior mass in any 5 m slice of the posterior distribution, the 
variance was declared observable. 
Relationship between observable variance components and causal variance components 
Because all lines evaluated were inbred at least to the F4 generation, we disregard here 
the possibility of dominance variance and assume traits depended only on additive and 
additive x additive gene action. There are consequently six relevant causal variances, two 
additive variances and four additive x additive variances. The additive variances are the 
variance among effects of alleles derived from the agronomic population (denoted VAA) and 
the variance among effects of alleles derived from the (3-glucan population (denoted VAB). 
The additive x additive variances are the variances among effects of two-locus gametes 
wherein: 1. alleles at both loci derive from the agronomic population (denoted V~AA), 2. the 
first locus allele derives from the agronomic population and the second locus allele derives 
from the (3-glucan population (denoted V~AB), 3. the first locus allele derives from the (3-
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glucan population and the second locus allele derives from the agronomic population 
(denoted V~BA), and finally 4. alleles at both loci derive from the (3-glucan population 
(denoted VIBs) In addition to variances, the expected effects of alleles from the two 
populations are relevant. The additive effects of alleles from the agronomic and R-glucan 
populations are, respectively, aA and aB. By convention, their expectations are 
E(aA) _ -E(aB) = a. The additive x additive interaction effects of alleles are similarly 
denoted EAA, EAB, EBA, and EBB, and by convention their expectations are E(~~) _ 
The variance among families can be deduced by considering the covariance between 
progeny lines within a family. The coefficient of co-ancestry between two lines within a 
family is 1/2. If the sampled alleles of the two lines are IBD, there is a probability of 1/2 that 
the alleles derived from the agronomic parent and a probability of 1/2 that the alleles derived 
from the ~i-glucan parent. The covariance among lines within a family due to additive effects 
is consequently 1/2(VAA + VAB). For additive by additive epistasis, the probability of IBD at 
two independent loci is 1/4. If sampled gametes are IBD at both loci, there are equal 
probabilities that the gametes carry two agronomic alleles, an agronomic and a ~3-glucan 
allele, a R-glucan and an agronomic allele, or two ~i-glucan alleles. The covariance among 
lines within a familiy due to additive x additive effects is consequently 1/4(VIAA + vI AB + vI BA 
+ VIBB). To deduce the general combining ability (GCA) of inbred parents, consider the 
covariance between progeny that share that parent. Their coefficient of coancestry is 1/ 4, so 
that their covariance due to additive effects is 1/ZVAA if the shared parent is agronomic and 
1/ZVAB if the shared parent is [i-glucan. Similarly, their covariance due to additive x additive 
effects is 1/4VIAA if the shared parent is agronomic and 1/4VIBB if the shared parent is ~i-glucan. 
Subtracting the GCA components from the overall among-family variance gives the specific 
combining ability (SCA) of 1/4(VIAB + v IBA)
The among line within family variance can be obtained by deducing the overall 
among-line variance and subtracting the among family variance. Denoting the effect of a 
line by L and its genotype by GL, the overall line variance can be deduced by 
var(L) = var[E(L~GL)] + E[var(L~G~)] 5. 
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where E(X ~ is the expectation of X conditional on Y. Considering single-locus additive 
effects, L can be inbred with probability FL, in which case it carries either two agronomic (GL
= AA) or two (3-glucan alleles (G~ = BB), or L can be heterozygous (GL = AB) with 
probability (1 — FL). The first term on the right hand side of Equation 5 requires calculating 
varLE(LIGc)~ = Ef LE(LIGc)]2} — {ELE(LIGL)]}
a 6. 
The expectations for L conditional on the three possible genotypes are E(L~GL = AA) 
= 2E(aA) = 2a; E(L~G~ = BB) = 2E(aB) _ —2a; and E(L~G~ = AB) = E(aA) + E(aB) = 0. 
Consequently, the first term on the right hand side of Equation 6 is E{[E(L~GL)]2} _ 
'/ZF~(2a)2 +'/ZFL(-2a)2 = 4FLa2, and the second term is zero. The variances for L 
conditional on the three possible genotypes are var(L~GL = AA) = var(2aA); var(L~GL = BB) 
var(2aB); and var(L~G~ = AB) = var(aA + aB). Therefore E[var(L~GL)] ='/ZF~var(2aA) + 
'/zFLvar(2aA) + (1 — F~)var(aA + aB) = FL(VAA + VAB) + (1 — FL)'/Z~VgA + VpB~. 
Contributions of additive effects to the variance of L are, therefore 
VaT'~L~q = 4F[,OC2 + FL~VpA -f- VpB~ ~- 1~2~1 — FL~\VAA + VAB~ 
= 4FLa2 +'/2~1 + F~~~VAA + VqB~ 7. 
From that we must subtract the variance among families shown above to be '/Z(VAA + 
VAB), and the variance among lines within families due to additive effects is 4F~a2 + 
'/ZFL(VAA + VAB). A similar development for variances due to additive x additive effects 
shows that 
var(L)~ = 16(F~)2E2 + ['/2~1 + F~~~2~VI~ + 
`I~AB + V'BA + V'BB~ 
g. 
From that we must subtract 1/4(VI~' + VIAB +VIBA + VIBB), and the variance among 
lines within families due to additive x additive effects is 16(FL)2B2 + 1/4[FL(2 + FL)] (V I~ + 
VIAB +VI BA + VIBB
).
The a2 and ~2 coefficients that enter into o'2L also find themselves in two other 
estimable parameters. In particular, given the definitions above, the expected value for an 
agronomic parent is E(Pop~ -agronomic) = PA = 2a + 4E and E(Pop~ - R_glucan) = PB = —2a + 4E, 
such that [E(PA — PB)]2 = 16a2. Similarly, the expected value of the parental inbreds is 
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' —~,=0a+0~ ands, E(Pjjkm) = P = Oa + 4E, while the expected value of the progeny E(Llabcd) 
_ —4E or ~2 = 16E2. Finally, because the inbred parent effects were random, and there were 
only twelve parents of each population, a small fraction of the variances among parents end 
up in these squared differences. A complete summary of the relationship between causal and 
observable variance components is given in Table 2. Note that both the a and ~ components 
are composite effects (Lynch and Walsh, 1998, Chap. 9). The underlying parts of a 
composite effect may be non-zero but cancel each other out leaving the composite effect 
itself close to zero. 
Results and Discussion 
As expected, for all traits agronomic parents were significantly different from (3-
glucan parents (Table 1). Parental lines selected for high (3-glucan content were on average 
56%higher in ~i-glucan than the agronomic lines. Conversely, the agronomic lines yielded 
on average 48%more than the (3-glucan lines (Table 1). Given that all progeny lines tested 
in this experiment derived from high (3-glucan by agronomic crosses we expected evidence 
of linkage disequilibrium between alleles that increase (3-glucan content and alleles that 
decrease yield. Such disequilibrium would express itself as a negative correlation between 
the two traits. While we did not formally evaluate the genetic correlation between (3-glucan 
and yield, we observed that lines with the highest (3-glucan content tended to show low rank 
for biomass and grain yield (Table 3). Similarly, lines with the lowest (3-glucan content 
tended to show high rank for the biomass and grain yield (Table 3). Previous studies have not 
given a consistent picture of the correlation between (3-glucan content and yield. A positive 
correlation between grain yield and (3-glucan was observed in the generation means analysis 
of Holthaus at al. (1996). Those results were supported by a research conducted in Finland 
(Saastamoinen et al., 1992), where a positive correlation between (3-glucan concentration and 
grain yield among variety trials at eight locations for two years was found. On the other hand, 
Brunner and Freed (1994) reported that correlations between groat (3-glucan concentration 
and grain yield were mostly small or non significant. Cervantes-Martinez et al. (2002) 
reported that one cycle of selection for greater (3-glucan content did not change the mean of 
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agronomic traits under study. However, the second cycle of selection resulted in significant 
decreases in mean grain yield. Peterson (1995) reported that nonexistent or inconsistent 
correlations between (3-glucan content and agronomic traits across years or nurseries were 
observed. His conclusion was that (3-glucan was not consistently correlated with any 
agronomic traits, and therefore there was little chance of undesirable shifts in other traits that 
would hinder the breeding process. Our study does not contradict these previous studies 
because the nature of our study material, consisting of lines derived from divergent parents, 
was different from the nature of the material in these previous studies. 
The progeny lines studied displayed a large range of (3-glucan concentration from 
37.1 g kg"1 to 73.5 g kg I (Table 3). This range is comparable to that of previous studies 
values between 30 g kg"' and 80 g kg-' (Aman,1987) and between 22 g kg"' and 62 g kg"' 
(Beer, 1997) have been reported. 
In our study, the relationship between flour (3-glucan content and flour slurry 
viscosity was best linearized by taking the logarithm of slurry viscosity (Figure 4). Doehlert 
et al. (1997) found a linear relationship between ~i-glucan content and raw slurry viscosity. 
The (3-glucan contents of the lines that they tested, however, only ranged from about 27 to 45 
g kg"'. The smaller range of (3-glucan contents may not have allowed them to detect non-
linearity in the relationship. In support of anon-linear relationship between R-glucan content 
and flour slurry viscosity, however, they found an exponential relationship between flour 
concentration in the slurry and slurry viscosity (Doehlert et al. 1997). In that experiment, a 
two and a half fold range of flour concentration was used. The regression equation relating 
flour (3-glucan concentration and flour slurry viscosity was log(RVA) = 3.03 + 0.032(~3-
glucan content), and gave a coefficient of determination r2 = 0.35 with a standard error of 
prediction of 0.49 (Figure 4). Higher coefficients of determination have been obtained in 
previous studies (Doehlert et al. 1997; Colleoni-Sirghie et al. 2004). Our study, however, 
was based on many more lines measured using more rapid techniques, as would be needed in 
a breeding program. The lower coefficient of determination in our study was therefore likely 
due to greater experimental error in the measurements rather than due to a difference in the 
importance of R-glucan in determining slurry viscosity. Nevertheless, our results suggest that 
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viscosity maybe used as a crude estimate of (3-glucan concentration for the purpose of 
selection. It is equally interesting to note that viscosity displayed more transgressive 
segregrants than did (3-glucan (Figure 4). In particular, only two progeny lines exhibited a (3-
glucan content outside of the range of the inbred parents whereas over a dozen lines 
exhibited viscosity outside the range of the inbred parents (Figure 4). Two factors may have 
contributed to the transgressive segregation shown for viscosity. First, in neither the 
agronomic nor the ~3-glucan population was viscosity an object of selection. Thus, both 
favorable and unfavorable alleles for viscosity might have been segregating in both 
populations. If favorable or unfavorable alleles recombined into single progeny lines, those 
lines could then be transgressive for viscosity. Second, while (3-glucan content showed no 
evidence for epistatic interaction among alleles derived from the different parental 
populations (Table 5, specfic combining ability), significant variance for interaction effects 
was observed for viscosity. Epistatic interactions lead to reduced resemblance of progeny to 
their mid-parent values and thus increase the probabilities of transgressive segregation 
(Lynch and Walsh, 1998). 
The relationship between ~3-glucan and viscosity is also apparent in the viscosity 
profiles of high and low ~3-glucan lines (Figure 5 and Figure 6). Note that, in these figures, 
the behavior of line IA03146-6 is of some concern because, after a sharp increase, its 
viscosity begins to decline. In previous studies of the viscosity / (3-gluan relationship, this 
type of decline has been attributed to the action of endo-glucanase enzymes (Colleoni-Sirghie 
et al. 2004). In these previous studies, however, viscosity was measured for much longer 
periods than in our study (e.g., four hours for Colleoni-Sirghie et al., 2004, and three to eight 
hours in Doehlert et al. 1997 as compared to 10 minutes in our study). Furthermore, in those 
studies the effects ofendo-glucanases was not observed before 20 to 30 minutes into the 
viscosity profile. To assess whether endo-glucanases may have strongly affected our 
viscosity deviation measurements, we examined the viscosity profiles of lines with high and 
low viscosity deviations (Figure 7 and Figure 8). A decline in viscosity potentially caused by 
endo-glucanases was not observed in lines with negative viscosity deviation (Figure 8). 
Nevertheless, endo-glucanases could be a confounding factor in the measurement of the 
viscosity deviation, and we would recommend the inactivation of these enzymes using, for 
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the inactivation of these enzymes using, for example, asilver-nitrate solution rather than 
deionized water to inactivate enzymes in the flour slurry (Colleoni-Sirghie et al. 2004). 
To our knowledge, the viscosity deviation and it's application to improve oat 
functional properties have not been studied. Viscosity deviation may be useful to identify oat 
lines with valuable (3-glucan structure /function properties that could be increased through 
breeding. Clearly (3-glucan content strongly affects the viscosity differences between 
agronomic versus R-glucan parental lines (Table 1). To determine whether the agronomic 
lines have something to contribute to the improvement of viscosity, it is necessary to control 
for differences in (3-glucan content. The difference in viscosity on a log scale between 
agronomic and (3-glucan populations was 0.68, with a posterior probability of being zero or 
lower P(logRVAB < logRVAA ~ data) < 0.001. Once viscosity is adjusted for (3-glucan 
content, however, the difference in viscosity between agronomic and (3-glucan populations 
dropped to 0.15 with P(logRVAB < logRVAA ~ data) > 0.1 Similarly, loci segregating for 
alleles from either the (3-glucan or agronomic populations generate an important component 
of the variance among progeny within families, and this variance is significant for log(RVA) 
(Table 5). This variance, however, loses signficance for the viscosity deviation because, 
while alleles from the (3-glucan population increase (3-glucan content, and thus viscosity, they 
do not specifically affect viscosity through other paths than (3-glucan content. Nevertheless, 
there was significant genetic variation for viscosity deviation, as shown by the fact that the 
variance among families was of a similar order of magnitude as the variance for viscosity 
itself [Table 5, var(Fanz)]. 
For the traits (3-glucan content, biomass and grain yield, there was a difference 
between agronomic and ~3-glucan populations in terms of the correlation between the 
performance of the parents and their breeding values, as measured by the mean values of the 
parent's progeny (Table 4). Considering (3-glucan content, the correlation was strong for the 
agronomic population (r=0.75), but there was almost no correlation for the (3-glucan 
population (r=0.03). For biomass and grain yield, there was a slight negative correlation for 
the agronomic population (r=-0.08 for both traits), whereas for the R-glucan parent there was 
strong positive correlation (r=0.90 and r=0.87 for biomass and yield, respectively). For 
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log(RVA), heading date and height the correlation was positive in all cases and not 
significantly different between agronomic and (3-glucan populations (Table 4). The pattern 
that revealed itself in these correlations is that the correlation was essentially zero for atrait / 
population combination where the trait had been specifically selected in that population. 
Since the correlations are a function of the additive genetic variances for traits, the low 
correlations for selected traits simply suggest that selection has depleted much of that 
variance. 
Table 5 shows genetic variances for the parental inbreds themselves, for the means of 
their crosses, and for the values of progeny within crosses. The general combining ability 
variances for the agronomic and (3-glucan parents, a2Gca a and 62Gc.a s are the variances 
among half-sib families of agronomic and (3-glucan parents, while var(Fanz) is the variance 
among crosses between agronomic ang (3-glucan parents, var(Fam) = 62cca a + a2Gca s + 
62sc.a• For (3-glucan content all three combining ability variances 62cca a, 62GCA B~ and 62SCA 
were not clearley observable individually, although their sum var(Fam) was obvious (Table 
5). Plot basis heritabilities can be calculated from the data in Table 5 as 
H2 = [var(Fam) + var(L)] l [var(Fam) + var(L) + var(Err)]. 9. 
These heritabilities are high, ranging from 0.42 for the viscosity deviation to 0.82 for 
viscosity itself. The variance among progeny within families is a function of segregation of 
divergent alleles inherited from the agronomic and [i-glucan parents. We may also exclude 
this variance because it is somewhat an artifact of our crossing design in that divergent 
populations will not usually be crossed in a breeding program. In that case, plot basis 
heritabilities are 
H2 = var(Fam) l [var(Fam) + var(Er~)]. 10. 
In that case the heritabilities are still reasonable and range from 0.35 for the viscosity 
deviation to 0.63 for viscosity. Given adequate replication, it should therefore be feasible to 
select for any of the traits evaluated here. 
Despite the power of the North Carolina II mating design to uncover interaction 
variances through the specific combining ability component, this component was too small to 
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be observable for (3-glucan content (Table 5). This result is in agreement with other studies 
that have found additive gene action affecting (3-glucan content (Kibite and Edney, 1998; 
Holthaus et al., 1996). In contrast, observable interaction variance was identified for 
viscosity (Table 5). In general, higher specific combining ability variance suggests that for 
the improvement of a trait, more crosses should be attemted to identify those crosses that are 
more likely to generate transgressive segregants. 
Conclusions 
Progeny derived from crosses between agronomically elite parents and parents 
selected for high (3-glucan content showed evidence for a negative correlation between (3-
glucan content and yield. This result indicates at least linkage between loci that affect (3-
glucan content and that affect yield, and it does not exclude the possibility of pleiotropic loci 
for which alleles that positively affect (3-glucan content also negatively affect yield. 
Nevertheless, the negative correlation was low and should not impede progress in programs 
selecting for both (3-glucan content and agronomic performance. The study found relatively 
high heritabilities for the traits (3-glucan content, flour slurry viscosity, and viscosity 
deviation that are relevant for the selection of oat lines with high nutritional function. The 
study confirmed that the mode of gene action of loci affecting (3-glucan was primarily 
additive, but found observable interallelic interaction variance for flour slurry viscosity. This 
interaction variance may further explain the transgressive segregation for flour slurry 
viscosity that was observed. Finally, the study showed for the first time that selection for 
viscosity deviation is feasible. While at this time we do not know what are the mechanisms 
generating viscosity deviations, the fact that the trait is selectable should allow us to 
divergently select for the trait and to study the differences among lines with high and low 
viscosity deviation. 
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Twelve lines selected for 
good agronomic 
performance from the 
Uniform Oat 
Performance Nursery 
coordinated by the 
USDA 
ti
Twelve lines selected for 
high beta-glucan content 
from the Iowa State 
University Oat Breeding 
Program 
F~ generation 
represented by 48 
crosses 
1 
F3 individuals derived 
from F~ by selfing 
1 
Fall 2005. The seed from each replication 
represented a different F3;5 line and was 
analyzed micro-enzymatic method, NIR 
spectrophotometry. Viscosity of each sample 
was estimated. 
Figure 2. Experimental program 
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Fzgu~e 2. Crossing scheme between twelve parents with high content and twelve parents with 
high agronomic performance. North Carolina Design II. 
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Figure S. Viscosity profile of top four oat lines based on the concentration of beta-glucan. 
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Figure 6. Viscosity profile of four oat lines with the lowest concentration of (3-glucan. 
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Figure 7. Best four oat lines based on viscosity adjusted for (3-glucan. 
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Figure 8. Oat lines with the lowest value of viscosity adjusted for (3-glucan. 
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CHAPTER 3: NEAR INFRARED REFLECTANCE SPECTROSCOPY 
FOR PREDICTION OF BETA-GLUCAN CONTENT AND VISCOSITY 
OF OAT SLURRY 
A paper to be submitted to Crop Science 
Chernyshov A. A. 1,White P. J. 2, Scott M. P. 3, and Jannink J.-L. 1, Colleoni-Sirghie M. 2, 
Hurburgh C. R., Jr. 2, 
Abstract 
The objective of this research was to determine the effectiveness of near-infrared 
(NIR) technology for analyzing the (3-glucan quantity and quality in oat. Anear-infrared 
reflectance (NIR) spectrophotometer LSP 1000-2500 manufactured by Analytical Spectral 
Devices, Inc. Colorado, USA was calibrated against ~i-glucan content, flour slurry viscosity, 
and viscosity deviation using partial least squares (PLS) regression using PROC PLS in SAS. 
Cross-validation of the PLS procedure was performed by using the option CV=ONE for the 
350 to 2500 nm spectral range. Overall, not more then 1% of samples were removed as 
outliers from any given analysis. Coefficient of determination (R2) values and standard error 
of prediction (SEP) indicate that NIR analysis of oat grain can be used as an analytical tool to 
estimate (3-glucan quantity and quality. 
~ Iowa State University, Department of Agronomy 
2 Iowa State University, Department of Food Science and Human Nutrition 
3 USDA Agricultural Research Service, Corn Insects and Crop Genetics Research Unit, Department of 
Agronomy, Iowa State University 
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Introduction 
Soluable ~i-glucan is one of the most important components of dietary fiber found in 
cereals and their products, especially in barley, oats, and rye (Asp, 1983, Henry, 1987). 
Soluable R-glucan has shown a high efficiency in reducing the level of serum cholesterol and 
the risk of heart disease (Kirby et al 1981, Davidson, 1991). Oat cereal prepared from 
varieties with increased ~-glucan levels can deliver acholesterol-reducing dose in a single, 
rather than two servings, which would increase delivery efficacy and reduce concomitant 
carbohydrate intake (Colleoni-Sirghie, 2003b). 
A trait related to ~3-glucan content is viscosity. Viscosity is the thickness or resistance 
to flow of a liquid. Soluable ~3-glucan increases viscosity in the intestine. Many health related 
effects of oats, such as cholesterol reduction, attenuation of blood glucose and insulin, and 
prolonged satiety, are thought to result from the ability of R-glucan to generate viscosity. 
Regression analyses have shown a positive effect of ~3-glucan content on viscosity (Colleoni-
Sirghie et al., 2004, Doehlert et al., 1997a), reinforcing the argument in favor of selecting for 
high ~3-glucan content. However, viscosity does not correlate completely with ~i-glucan 
content. Indeed, regression analyses (e.g., Doehlert et al., 1997a) have also shown that the 
viscosity of some oat lines deviated significantly from the regression prediction, indicating 
that, for a given ~-glucan content, some lines generate more viscosity and some less viscosity. 
The deviation of viscosity from its prediction based on ~i-glucan content may provide 
information on the functional quality of the ~3-glucan produced by an oat line. VVe call this 
deviation the "viscosity deviation." 
Most of the methods to measure R-glucan content in cereals are lengthy procedures 
that requires experienced technicians. The conventional enzymatic method, for example, is 
precise, but it does not allow a large number of samples to be analyzed rapidly, as would be 
needed in a breeding program. Furthermore, the enzymatic method is expensive and creates 
chemical waste. Several methods with many variations have been reported in the literature to 
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measure apparent viscosity. Colleoni-Serghie (2004) used a Haake VT550 viscometer 
equipped with an MV 1 rotor. Ground oat (15 g at 8%moisture) was suspended in 60 g of 
either deionizied water, silver nitrate solution (AgNO3) according to Glennie-Holmes (1995), 
or an alkali solution (Na2CO3, NaHCO3, pH 10), according to Ullrich et al (1986). The 
temperature selected was 25°C, shear rate of mixing oat-flour slurries was 50 sec ~ and time 
of the measurement constituted 4 hours. The highest correlation was obtained in silver nitrate 
solution suggestion that inactivation of endogenous enzymes is important to obtain a high 
correlation (Colleoni-Serghie, 2004). Those factors point to the need for fast and economical 
method that can predict (3-glucan concentration as well as viscosity in oat lines. 
Near-infrared (NIR) spectroscopy is a possible alternative to traditional methods of 
measuring chemical properties. It is environmentally safe, time and labor efficient (Kays et. 
al., 2005). Near infrared spectroscopy is a rapid procedure that correlates diffusely reflected 
near-infrared radiation with chemical and physical properties of a material (Chang et al., 
2002). The reflection of near-infrared wavelengths depends on the specific chemical bonds 
present (e.g., C-H, O-H, or C-O) as well as the chemical environment surrounding those 
bonds (Wetzel, 1983). NIR techniques can be used in early stages of selection for high (3-
glucan content due to the low cost of the analysis in comparison with the conventional wet 
chemistry methods (Faccioli, 2000). Kays et al. (2005) concluded that near-infrared 
spectroscopy appears to provide sufficient accuracy for selecting or rejecting cultivars of 
bailey with high total dietary fiber. A high correlation was found in feeds and forages 
between predictions from NIR analysis and fiber content measured by standard techniques 
(Norris et al 1976). A further advantage of NIR technology is the potential to simultaneously 
predict multiple parameters with one spectrum (Kays, 2005). The reflectance of the sample is 
influenced by many factors, from the size, shape, and arrangement of the particles to the 
frequencies of chemical bonds and their chemical environments (Wetzel, 1983). This 
complex causation of the reflectance spectra make them difficult to interpret directly. 
Therefore, multivariate calibration to develop predictive models of a sample's chemical 
properties based on its NIR reflectance is necessary. Murray and Williams (1987) reported 
that the number of samples necessary to establish a stable calibration needs to be considered. 
They recommended 35-40 samples for a calibration of a "simple" type; preferably, more 
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samples should be used. Larger numbers of samples possessing a wide range of the 
parameters likely to be encountered in routine analysis should provide more reliable results. 
The objective of this study was to test the ability of NIR spectroscopy to predict oat 
R-glucan concentration, flour slurry viscosity, and viscosity deviation with an accuracy and 
reproducibility that is sufficient to use in a breeding program. 
Materials and Methods 
Details about plant material used, sample preparation, viscosity evaluation procedure 
and micro-enzymatic method for ~i-glucan content evaluation were described in (Chernyshov 
et al., 2006). Briefly, crosses were made between two germplasm sources: high (3-glucan 
lines and good agronomic performance lines. A North Carolina Design II with three sets, 
each containing four agronomic parents and four (3-glucan parents, was used to cross inbred 
lines. This resulted in 48 crosses. Seed from these crosses were advanced by single-seed 
descent and F3;4 lines were obtained from each cross. The seed of those lines and parental 
lines were grown in two locations with four replications. The lines were planted in a sets in 
replications design with each set containing the eight parental lines, and one representative 
F3:4 family of each of the 16 possible agronomic x (3-glucan crosses. The (3-glucan 
concentration in flours was determined enzymatically using a mixed linkage kit (Megazyme 
Int., Wicklow, Ireland). Modifications were made to the Approved Method 32-23 (AACC 
2000). Solubilization and hydrolization steps were performed according to the standard 
method (Step 8 in the kit), after which 5µL aliquots were dispensed into the cells of a 96-
well plate. 5 µL (3-glucosidase were added and plate was incubated for 10 minutes. 150 µL of 
Glucose oxidase/peroxidase reagent (GOPOD) were added to each cell. Glucose standards 
concentrations were 125, 250, 375, 500, 625 µg mL"~ of glucose in 50 mM sodium acetate 
buffer. Ten µL glucose standard and 150 µL GOPOD reagent were added to each glucose 
standard cell. This calibration curve was used to predict the amount of glucose in each 
sample aliquot, which was converted to a (3-glucan content using a modification of the 
formula given in the mixed linkage kit. 
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Viscosity was measured using a Rapid Visco Analyser (RVA, Newport Scientific, 
Warriewood, Australia). A sample of 4 g was weighed and deionized water was added to 
reach a total weight of 28 g. A profile with 55°C temperature and stirring speed of 960 rpm 
for the first 10 seconds and 160 rpm till the end of the measurement was used. The total time 
of measurement was 10 min. NIR data, ~i-glucan content and viscosity measurements were 
collected between September and December of 2005. The temperature profile and duration 
of the measurement were determined by a small preliminary experiment to maximize the 
solubilization of ~-glucan over a short period of time while also avoiding a contribution of 
starch gelatinization to viscosity. The preliminary experiment was as follows. Four oat lines 
Jim, Paul, IA95111, and N979-5-2-4 (see Colleoni-Serghie et al., 2004 for the composition of 
these lines) that showed a wide range of ~3-glucan content were analyzed either in the 
presence or absence of a-amylase (125 U/g of flour) using either constant temperature 45 °C 
or constant temperature 55 °C in two replications. For all the measurements 4 g of oat flour 
were weighed and transferred to the RVA canister and deionized water (with or without a-
amylase) was added to reach a total weight of 28 g. The a-amylase was added to eliminate 
the contribution of starch to the viscosity of oat flour (Colleoni-Serghie et al., 2004). Thus, 
an effect of a-amylase on viscosity would indicate that starch was contributing to viscosity. 
No effect of a-amylase would indicate that soluble fibers alone affected viscosity. 
Near infrared analysis 
We used an Analytical Spectral Devices, Inc. (Boulder, Colorado) spectrophotometer, 
model LSP 1000-2500. About 8 g of each dehulled sample were packed into a spinning cup. 
Reflectance data were recorded in the wavelength range 350 to 2500 nm with one nm 
increments to give a total of 2150 data points per sample. 
Experimental Design and Statistical Analysis 
A log transformation of viscosity was used to ensure homogeneity of error variance. 
This transformation also best linearized the relationship of viscosity with (3-glucan. 
Viscosity was therefore expressed in logRVU units. Viscosity measurements from the 
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preliminary experiment were analyzed using SAS proc GLM (SAS Institute, Cary, NC, 
1999). All factors (oat line, temperature, and presence /absence of a-amylase, and all pair-
wise interactions) were considered fixed. The dependent variables were log-transformed peak 
viscosity and log-transformed average viscosity between 5 to 7 minutes. 
Viscosity deviations were obtained as the error residuals from the linear regression of 
log-transformed viscosity on (3-glucan content. Predictive models of oat (3-glucan content, 
flour slurry viscosity, and viscosity deviation based on NIRS reflectance data were developed 
by partial least squares (PLS) regression using PROC PLS in SAS (SAS Institute, Cary, NC, 
1999). Reflectance data spanned the wavelengths from 350 to 2500 nm, in one nm 
increments. Separate models were developed for the response /predictor settings in Table 1. 
Various preprocessing steps were attempted on the NIRS reflectance data, including 
the log(1 /Reflectance) transformation, multiplicative scatter correction, and second 
derivative processing. None of these preprocessing steps appeared to improve model 
predictive ability (data not shown). All models presented therefore use the raw reflectance 
data (though note that, by default, SAS PROC PLS standardizes all variables to zero mean 
and unit variance). 
From the response and predictor data, the PLS procedure extracts linear combinations 
of the predictor variables (called factors) that represent a maximum amount of variation in 
the predictor variables and that explain a maximum amount of variation in the response 
variables. To avoid model overfitting and consequent poor prediction of ~-glucan levels in 
future samples, cross-validation of the PLS procedure was performed by using the option 
CV=ONE (SAS Institute, Inc. 1999). For each observation in turn, this option deletes the 
observation from the data set, performs PLS on the remaining observations, and uses the PLS 
results to predict the response of the deleted observation. A predicted residual sum of squares 
(PRESS) statistic is calculated from this procedure as follows. Denote by R~ the residual from 
the cross-validation prediction for observation j. That is, if Y is the ~-glucan concentration 
for deleted observation j and YJ is the prediction obtained from PLS without using data from 
observation j, R~ = Y~ — Y~ .The sum of R~ across all observations is the PRESS, which 
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should be minimized. Models from PLS with different numbers of factors will have different 
PRESS statistics: models with too few factors do not take full advantage of the information 
in the predictor variables whereas models with too many factors overfit the data, producing 
spurious predictions. The option CVTEST (SAS Institute, Inc. 1999) retains the PLS model 
with a minimum number of factors that has a PRESS not significantly greater than the 
smallest PRESS obtained among all models (SAS Institute, Inc. 1999). For the CVTEST 
option, we found that a number of randomizations of 10,000,000 (set byNSamp = 10000000) 
was necessary to obtain stable results. Two PROC PLS runs were performed for each 
response /predictor combination. The first run was used to identify outliers according to the 
graphical method suggested in the SAS/STAY Users's Guide Version 8 (SAS Institute, Inc. 
1999). No more than 1 %outliers were eliminated for any given setting. The root mean 
PRESS and the standard error of prediction (SEP) were obtained from the second run. The 
SEP was calculated as ~1— R Z ,where R2 was the coefficient of determination reported by 
PROC PLS. 
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Results and Discussion 
The only factor that influenced viscosity was the oat line (P < 0.001). Mean log-
transformed peak viscosity Jim, Paul, IA9511 1, and N979-5-2-4 were 4.25, 4.42, 5.05, and 
5.69, respectively. The effect of temperature was marginally significant (P = 0.08), with 
mean log-transformed peak viscosity of 4.81 and 4.89 for 40 °C and 55 °C, respectively. The 
absence of an oc-amylase main effect or interaction with temperature indicated that starch did 
not contribute to viscosity at these temperatures. The esperiment showed an almost-perfect 
correlation (r2=0.99) between log-transformed peak viscosity and log-transformed average 
viscosity between 5 to 7 minutes. For simplicity, therefore, we chose to use the average 
viscosity between 5 and 7 minutes as a viscosity measure. Because of the slight increase in 
viscosity at SS °C relative to 40 °C, we also chose the higher temperature for all future 
viscosity measurements. To test whether endogenous ~3-glucanases were affecting the 
viscosity measurement, we also added silver nitrate (0.1 mM/g of oat flour; Glennie-Holmes 
1995) in two further measurements (Jim at 40 °C and IA95111 at 55 °C). Silver nitrate 
inactivates [i-glucanases present in the flour and originating from grain or microbial 
contamination (Colleoni-Serghie et al., 2004). The addition of silver nitrate had virtually no 
effect on viscosity measurements as performed here (log peak viscosities with and without 
silver nitrate were 4.36 versus 4.36 for Jim, and 5.12 versus 5.07 for IA95111). Thus, we 
chose to use deionized water for all subsequent experiments. 
Our responses variables were (3-glucan content, log(RVA), viscosity deviation, ~3-
glucan and log(RVA), (3-glucan content including log(RVA) as a predictor, and log(RVA) 
including (3-glucan content as a predictor (Table 1). The reflectance spectra were acquired 
over 350-2500 nm range including the visible and NIR regions. At most 1 % of outliers was 
removed from any given analysis. For the R-glucan content 440 samples were used for the 
analysis. For the rest of the variables this number constituted 430 samples. The overall range 
of (3-glucan content in the cultivars tested was 23.3 to 82.7 g kg "I. For the log(RVA) the 
range was from 3.59 to 6.561og[RVU]. For the viscosity deviation the range was from -1.12 
to 1.53. 
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The number of PLS factors varied among response variables in the range between 2 
to 7 factors. Calibration success was judged using coefficient of determination (RZ), standard 
error of cross validation (SEP), coefficient of determination on the validation data set (CVr2) 
and root mean predicted residual sum of squares (PRESS). High R2, high CVr2, and low SEP 
and root mean PRESS indicate accurate calibration. In general, we obtained a satisfactory R2
for most of the traits in the range from 0.37 to 0.60 except for the viscosity deviation for 
which R2 was 0.18. Cervantes-Martinez et al.(2001) reported that the coefficient of 
determination (R2) for the (3-glucan content was 0.76 for the 1996 evaluation and 0.80 for 
the 1997 evaluation. In our study we obtained R2 of 0.37 for the the (3-glucan content. The 
lower R2 might be attributed to more error associated with the micro enzymatic method vs. 
the traditional enzymatic method and also with the number of subsamples used for the wet 
chemistry. In our study we used 2 subsamples vs. 9 subsamples used in Cervantes-Martinez 
experiment. Murray and Williams (1987) established that larger numbers of samples 
possessing a higher variance in the parameters likely to be encountered in routine analysis 
should provide more reliable results. In our experiment we used 440 samples, which is 
significantly larger then 92 samples in 1996 and 95 samples in 1997 analyzed by Cervantes-
Martinez et al. (2001). However, the values for CVr2 were satisfactory. The highest CVr2 was 
observed for (3-glucan content including log(RVA) as a predictor and for log(RVA) including 
(3-glucan content as a predictor (CVr2=0.45 for both traits). However, for the viscosity 
deviation CVr2 was smaller (CVr2=0.15). For (3-glucan content, log(RVA), (3-glucan content 
and log(RVA) together CVr2 was 0.36, 0.41, and 0.39 respectively. Coefficients of 
determination on the validation data set CVr2 states for the percent of the variance explained 
in the predictor variable for which no calibration data set exists. Therefore, in our study the 
CVr2 is satisfactory for the prediction of (3-glucan content and log(RVA) in a plant breeding 
program. We will have less power to predict viscosity deviation. Including (3-glucan content 
or log(RVA) as predictors improves performance, but not very much. When (3-glucan content 
and log(RVA) together were response variables, the prediction was somewhat intermediate 
between (3-glucan content and log(RVA) alone for R2, SEP, CVr2, and root mean PRESS. 
The number of PLS factors was selected as the smallest number of factors for the root mean 
PRESS which is not significantly different that the minimum root mean PRESS (Figure 1). 
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Extracting more factors did not necessarily mean that it improved performance. Figures 2-8 
graphically illustrate the relationship between laboratory determined (observed) and NIR 
predicted values for (3-glucan content, log(RVA), and viscosity deviation. 
Conclusion 
NIR has the ability to predict (3-glucan concentration and viscosity, which is 
sufficient as a rough estimate for the purpose of selection. We will have less power to 
predict viscosity deviation. Including (3-glucan content or log(RVA) as predictors improves 
performance. We will have less power to predict viscosity deviation. When (3-glucan content 
and log(RVA) together were response variables, the prediction was somewhat intermediate 
between (3-glucan content and log(RVA) alone for R2, CVr2, and root mean PRESS. 
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Table 1. NIR calibrations were performed for the following 
Responses Predictors 
(3-glucan content 
log(RVA) 
Viscosity deviation 
(3-glucan and log(RVA) 
(3-glucan 
log(RVA) 
350 - 2500 nm reflectance 
350 - 2500 nm reflectance 
350 - 2500 nm reflectance 
350 - 2500 nm reflectance 
log(RVA) and 350 - 2500 nm reflectance 
(3-glucan and 350 - 2500 nm reflectance 
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Figure 1. Number of PLS factors versus root mean PRESS for NIR models to predict beta-
glucan content in g kg"~, log(RVA)in Log[RVU], viscosity deviation. Large symbols 
represent the number of PLS factors selected. 
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Figure 2. Observed versus NIR predicted ~ -glucan content (g kg 1). 
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Figure 3. Observed Log(RVA) measured on the RVA versus NIR predicted viscosity 
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Figure 4. Observed viscosity deviation determined on the RVA versus NIR predicted. 
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Figure 5. Observed (3-glucan content (g kg~') together with log(RVA) measured on RVA 
log[RVU] versus NIR predicted (3-glucan content. 
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Figure 6. Observed Log(RVA), Log[RVU] together with (3-glucan content (g kg ~) versus 
NIR predicted (3-glucan content. 
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Figure 7. Observed (3-glucan content (g kg"1) versus NIR and logRVA predicted (3-glucan 
content. 
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Figure 8. Log(RVA) determined on the RVA (log[RVU]) versus NIR and (3-glucan content 
predicted viscosity. 
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GENERAL CONCLUSIONS 
Progeny derived from crosses between agronomically elite parents and parents 
selected for high ~-glucan content showed evidence for a negative correlation between ~3-
glucan content and yield. This result indicates at least linkage between loci that affect ~-
glucan content and that affect yield, and it does not exclude the possibility of pleiotropic loci 
for which alleles that positively affect R-glucan content also negatively affect yield. 
Nevertheless, the negative correlation was low and should not impede progress in programs 
selecting for both ~3-glucan content and agronomic performance. The study found relatively 
high heritabilities for the traits ~i-glucan content, flour slurry viscosity, and viscosity 
deviation that are relevant for the selection of oat lines with high nutritional function. The 
study confirmed that the mode of gene action of loci affecting ~3-glucan was primarily 
additive, but found observable interallelic interaction variance for flour slurry viscosity. This 
interaction variance may further explain the transgressive segregation for flour slurry 
viscosity that was observed. Finally, the study showed for the first time that selection for 
viscosity deviation is feasible. While at this time we do not know what are the mechanisms 
generating viscosity deviations, the fact that the trait is selectable should allow us to 
divergently select for the trait and to study the differences among lines with high and low 
viscosity deviation. 
NIR has the ability to predict (3-glucan concentration and viscosity, which is 
sufficient as a rough estimate for the purpose of selection. We will have less power to 
predict viscosity deviation. Including ~i-glucan content or log(RVA) as predictors improves 
performance. We will have less power to predict viscosity deviation. When (3-glucan content 
and log(RVA) together were response variables, the prediction was somewhat intermediate 
between (3-glucan content and log(RVA) alone for R2, CVr2, and root mean PRESS 
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APPENDIX A: POPULATION DEVELOPMENT 
The first step in any selection program is to choose parents. Germplasm with high 
agronomic quality came from the Early and Mid-Season Uniform Oat Performance Nursery 
coordinated by the United States Department of Agriculture (USDA)(Figure 1). 
~ L~oomb~ 1~f~r~ip~ ~ . 
Figure 1. The Early and Mid-Season Uniform Oat Performance Nursery. 
Germplasm with high (3-glucan content came from the Iowa State University Oat 
Breeding Program (Cervantes-Martinez et al., 2001). Twelve parents with high (3-glucan 
content and twelve parents with high agronomic performance were used (see Table 1) in Fall 
2003. Oats were be hybridized in the greenhouse by manual pollination. The method is time-
consuming and meticulous. Female parents were emasculated by hand, and a mature anther 
of the male then was tapped against emasculated flowers of the female parent. The pollinated 
panicles were covered with glassine bags. Forty-eight crosses were obtained after pollination. 
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Table 1. Lines used as parents for the North Carolina Design II. 
Good Agronomic Performance Parents 
Characteristic Line Year 
1 early P971 A9-7-4 2002 
2 early 1~7N9823 6 2002 
3 mid WIX750~5 2002 
4 early SD000731 2002 
5 mid P971 A9-7-4-1 2002 
6 early IL96-103 51 2002 
7 early WIX8177-1 2002 
8 early SD9757~5-29 2002 
9 mid IL95-1241 2002 
10 mid OA 1021-1 2002 
11 mid SD96024A 2002 
12 early SD000843 2002 
High (3-glucan Parents 
Characteristic Line Year 
13 Inc Hill IA95029-3-8 2003 
14 Inc Hill IA94031-6-5 2003 
15 Inc Hill IA95148-3-9 2003 
16 Inc Hill IA95172-1-4 2003 
17 Inc Hill IA94190-10-9 2003 
18 Inc Hill IA94031-7-5 2003 
19 Inc Hill IA95029-3-2 2003 
20 Inc Hill IA94031-6-6 2003 
21 Inc Hill IA95148-3-5 2003 
22 Inc Hill IA95172-1-3 2003 
23 Inc Hill IA94190-10-1 2003 
24 Inc Hill IA94031-7-1 2003 
A North Carolina Design II was used to cross inbred lines selected for high ~3-glucan 
content and for high agronomic performance (Lynch and Walsh, 1998). The design involves 
specific crosses between two populations depicted on the scheme 1: population 1 
with i =1,..., N~, individuals and an independent population 2 with j =1, ... , N~ individuals. 
In our particular case we assigned population with high ~3-glucan content as population 
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1(N ~. =12), and the population with high agronomic performance as population 2 (Nd =12). 
The crosses were made according to the scheme 1.1 
Under the North Carolina design II, the linear model for the phenotype of the kth 
offspring of the i * j mating can be expressed as 
1. 
where ,u is the mean phenotype in the population, sl and d~ are the additive effects (breeding 
values) of the ith individual of population 1 and jth individual of population 2. I ;j is the 
nonadditive (interaction) effect due to the combination of genes from parents i and j, and e;~k
is the deviation of the observed phenotype of the kth offspring of parents from i and j from 
the model's prediction. 
In the following, we assumed that the parents are sampled randomly from the 
populations. All the effects in equation 1.1 a are independent, have zero expectations, and 
have variances respectively equal to 6~ , ~-,? , 61, and 6c .The total phenotypic variance is 
simply the sum of these four components, 
6  ? — 6 d -~- 6  ? ~- 6 1 -~- 6~ 
The effects in this model are defined as: 
d ~ _ ,u.~ — ,u 
I J~ _ ~~; -~ -s ; -d ;
e lk Z1Jk ~ — 
s; 
u  ~ I  ~J 
2. 
3. 
where ,u;. and ,u. J are, respectively, the expected phenotypes of offspring of the ith parent and 
the jth parent, and ,u J is the expected phenotype of progeny in the full-sib family of parents i 
and j. 
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Figure 2. The scheme of crosses between twelve parents with high (3-glucan content and 
twelve parents with high agronomic performance. North Carolina Design II. 
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APPENDIX B: GRAIN QUALITY 
Viscosity measurements in 2004 
Oats were dehulled with an air-pressure dehuller (COdema, Eden Prairie, MN) and 
ground in an ultra centrifugal mill (ZM-1, Retch GmbH&Co, Haan, Germany) with a 0.5-
mm sieve and with a speed selection set at 1. Strict control of seed quantity (milled in 20 g 
batches), time of milling (30 sec), and position of the sieve in the mill were applied. 
Viscosity was measured using Rapid Visco Analyser (RVA, Newport Scientific, 
Warriewood, Australia), as a function of temperature, time, and stirring. Pasting curves were 
obtained and the viscosity was expressed in RVU units. 
The sample (4 g) was weighed and transferred to the canister and silver nitrate 
solution (0.1 mM/g of was added to reach a total weight of 28 g. Viscosity was expressed as 
a maximum value on the pasting curve. In the RVA experiment used in this study the sample 
(4 g) was weighted and deionized water was added to reach the total weight of 28 g. Profile 
selected was constant temperature 55°C, stirring speed 960 for the first 10 seconds and 160 
till the end of the measurement. Total time of experiment constituted 10 min. Viscosity was 
expressed as the average value between 5 to 7 minutes on the curve. 
All measurements were taken in two replications and the average between two 
replications was considered the actual value for each sample. Beta-glucan concentration and 
viscosity measured on 3 5 samples in 2004 are presented in Table 1. Linear relationships 
between the standard enzymatic method and viscosity values measured on 3 5 entries in 2004 
are depicted in Figure 1. 
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Table 1. (3-glucan concentration and viscosity measured on 35 samples in 2004. 
Entry Line ~-glucan Standard 
2004 content, deviation 
~g kg-1) (RVU) 
1 IA03131 ~5~ 0.08 790 
2 ~IA03132 ~'S3 0.10 728 
3 IA0313 3 64 0.29 812 
4 IA03136 61 0.22 814 
5 IA03137 55 -- 0.36 861 
6 IA0313 8 ~`~ 52f 0.17 806 ;~ 
8 IA03141 63 0.52 830 
9 ~ IA03143 5 8 0.31 818 
10 ~''' ~~ ~~ IA03144 ~5 0.25 783 _ 
12 IA03.146 _ 63, 0.14 ~ 45 ~' 
13 IA03147 47 0.12 7~.9 
14 IA03148 ~~5~ 0.13 733 
15 IA03149 56 0.13 762 
16 ~,~~ . ~-=~- IA 0 3.1__5__ 0 ~ 5 ~ 0.18 7 8 0 
19 IA0315 5 ~~S l 0.13 770 
20 IA03156 ~^^ 4~ 0.07 738 
28 IA03172 ~53~ 0.24 726 
29 IA03173 46 0.25 741 
33 ~~ IA03177 ` 52;~ 0.22 $:~ 
40 ~ IA03193 "~0~ 0.22 756 
41 IA03196 63 0.13 822 
43 IA03198 ~ 54 
~ 
~ 0.10 777 
45 IA03201 57 0.15 828 
47 IA03203 ;~`~50 0.19 741 
48 IA03205 ~~~'''S1 ~ 0.17 809 
50 .IA940~-_6-5 ~ 5 0.26 748 
52 IA95172-1-4 74 '~~~ 0.12 _8.56 
5 9 IA94190-10-1 5 8 0.13 764 
61 P971 A9-7-4 46 0.21 769 
64 SD000731 42 0.07 724 
65 P971 A9-7-4-1 45 0.04 734 
67 WIX8177-1 42 0.12 661 
68 SD97575-5-29 42 0.13 727 
70 OA 1021-1 3 6 0.05 663 
71 SD96024A 43 0.12 792 
viscosity, 
i Standard deviation between two replications measured with enzymatic method. 
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Micro Enzymatic Method 
All the steps of micro enzymatic method are depicted below: 
• All the reagents were prepared according to the standard procedure described above, 
except glucose standards. 
• Oat samples are milled using centrifugal mill to pass 0.5 mm screen. 
• Flour sample (98-102 mg; weighed accurately) was added to a plastic centrifuge tube 
(16x120 mm; 17 mL capacity). Tube was tapped to ensure that all sample falls to the 
bottom of the tube. 
• The sample was wetted with 0.2 mL of aqueous ethanol (50 % v/v) to aid dispersion. 
Sodium phosphate buffer (4.0 mL) was added and contents are stirred on a vortex 
mixer. 
• Tubes were placed in boiling water bath for 60 sec. Mixture is vigorously stirred on a 
vortex mixer and incubated at 100 °C for further 2 min, and stirred again. 
• Tubes were incubated at 50 °C and allowed to equilibrate for 5 min. 
• Lichenase was added (0.2 mL, 10 U) and tube contents were stirred. Tubes were 
incubated for 60 min at 50 °C, with occasional vigorous stirring (3-4 times). 
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• 5.0 mL of sodium acetate buffer was added and tube contents were vigorously stirred. 
• Tubes were centrifuged (1000 g, 10 min). 
• 5µL of aliquots were dispensed into the cells of a 96-well plate. 
• 5µL of ~3-glucosidase was added and plate was incubated for 10 minutes. 
• Glucose standards in five different concentrations in two replications were included. 
Therefore, ten cells on the plate were randomly filled with glucose standards. 
The concentrations were 125, 250, 375, 500, 625 µg mL-i of glucose in 50 mM 
sodium acetate buffer. Ten µL glucose standard and 150 µL GOPOD reagent were 
added to each glucose standard cell. Glucose concentration was regressed on the 
optical density. This calibration curve was used to predict the amount of glucose in 
each sample aliquot which was converted to a ~-glucan content using a formula given 
in the mixed linkage kit. Concentrations were chosen on the premises to fit the 
standard curve, where the points representing samples are located in the middle of the 
curve . 
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• 150 µL of Glucose oxidase/peroxidase reagent (GOPOD) was added to each well on 
the plate using multi channel pipette (Fig. ?). Plate was incubated for further 20 min 
at 50 °C. 
• The absorbance (510 nm) was measured within an hour using laser spectrophotometer 
~i'F' ~ j 
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Near Infrared Spectrophotometry measurements 
a b 
Figure 2 Near infrared spectrophotometer connected to the computer (a) and a sample cup 
containing round quartz window with an oat sample in it (b). 
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APPENDIX Co MEAN AGRONOMIC AND GRAIN QUALITY TRAITS 
OF EXPERIMENTAL OAT LINES AND PARENTAL CULTIVARS 
MEASURED IN 2004 
Table 1. Mean test weight and groat percentage combined over three replications evaluated in 
2004 at Ames Research Farm, IA. 
Entry Agronomic ~-glucan Test Groat 
2004 Line Parent parent parent weight percentage 
kg/m3 
1 IA03131 1 13 747 0.76 
2 IA03132 1 14 764 0.74 
3 IA0313 3 1 15 699 0.77 
4 IA03136 1 16 780 0.75 
5 IA0313 7 2 13 693 0.73 
6 IA0313 8 2 14 754 0.74 
7 IA03140 2 15 734 0.76 
8 IA03141 2 16 711 0.75 
9 IA03143 3 13 73 9 0.74 
10 IA03144 3 14 75 6 0.74 
11 IA03145 3 15 697 0.76 
12 IA03146 3 16 728 0.76 
13 IA03147 4 13 782 0.74 
14 IA03148 4 14 722 0.72 
15 IA03149 4 15 73 6 0.76 
16 IA03150 4 16 757 0.75 
17 IA03152 5 17 755 0.76 
18 IA0315 3 5 18 716 0.76 
19 IA0315 5 5 19 711 0.74 
20 IA03156 5 20 718 0.75 
21 IA03157 6 17 757 0.77 
22 IA0315 8 6 18 672 0.74 
23 IA03162 6 19 766 0.74 
24 IA03164 6 20 765 0.75 
25 IA03165 7 17 731 0.76 
26 IA03166 7 18 731 0.74 
27 IA03170 7 19 692 0.77 
28 IA03172 7 20 725 0.74 
29 IA03173 8 17 73 8 0.72 
3 0 IA03174 8 18 721 0.77 
31 IA03175 8 19 763 0.77 
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Entry Agronomic R-glucan Test Groat 
2004 Line Parent parent parent weight percentage 
kg/m3 
3 2 IA03176 8 20 73 9 0.75 
33 IA03177 9 21 759 0.75 
34 IA03184 9 22 724 0.75 
35 IA03187 9 23 740 0.71 
3 6 IA0318 8 9 24 693 0.77 
37 IA03190 10 21 702 0.80 
3 8 IA03191 10 22 727 0.73 
3 9 IA03192 10 23 73 8 0.76 
40 IA03193 10 24 722 0.77 
41 IA03196 11 21 708 0.76 
42 IA03197 11 22 73 3 0.77 
43 IA03198 11 23 719 0.73 
44 IA03199 11 24 73 3 0.74 
45 IA03201 12 21 749 0.75 
46 IA03202 12 22 729 0.74 
47 IA03203 12 23 741 0.73 
48 IA03205 12 24 734 0.75 
49 IA95029-3-8 P13 722 0.75 
50 IA94031-6-5 P14 701 0.73 
51 IA95148-3-9 P15 653 0.75 
52 IA95172-1-4 P 16 719 0.77 
53 IA94190-10-9 P17 718 0.77 
54 __ _IA94031-7-5 P18 0.77 
5 5 IA95029-3 -2 P 19 73 0 0.74 
5 6 IA94031-6-5 P20 741 0.75 
57 IA95148-3-5 P21 751 0.77 
5 8 IA95172-1-3 P22 706 0.72 
5 9 IA94190-10-1 P23 717 0.72 
60 IA94031-7-1 P24 0.68 
61 P971 A9-7-4 P 1 751 0.75 
62 MN98236 P2 732 0.75 
63 WIX7509-5 P3 686 0.77 
64 SD000731 P4 823 0.72 
65 P971 A9-7-4-1 PS 721 0.75 
66 IL96-103 51 P6 826 0.77 
67 WIX8177-1 P7 674 0.77 
68 SD97575-5-29 P8 735 0.78 
69 IL95 -1241 P9 775 0.75 
70 OA 1021-1 P 10 702 0.76 
71 SD96024A P 11 760 0.78 
72 SD000843 P 12 763 0.76 
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Table 2. Mean test weight and groat percentage combined over three replications evaluated in 
2004 at Hinds Research Farm, IA. 
Entry Agronomic (3-glucan Test Groat 
2004 Line Parent parent parent weight percentage 
1 IA03131 1 13 662 0.65 
2 IA03132 1 14 690 0.70 
3 IA0313 3 1 15 65 0 0.71 
4 IA0313 6 1 16 6 84 0.73 
5 IA0313 7 2 13 612 0.72 
6 IA0313 8 2 14 667 0.71 
7 IA03140 2 15 688 0.72 
8 IA03141 2 16 692 0.76 
9 IA03143 3 13 644 0.68 
10 IA03144 3 14 615 0.65 
11 IA03145 3 15 602 0.71 
12 IA03146 3 16 616 0.68 
13 IA03147 4 13 672 0.69 
14 IA03148 4 14 595 0.61 
15 IA03149 4 15 620 0.69 
16 IA03150 4 16 680 0.72 
17 IA03152 5 17 680 0.72 
18 IA03153 5 18 0.69 
19 IA03155 5 19 618 0.68 
20 IA03156 5 20 655 0.69 
21 IA03157 6 17 686 0.72 
22 IA0315 8 6 18 
23 IA03162 6 19 704 0.72 
24 IA03164 6 20 695 0.74 
25 IA03165 7 17 626 0.71 
26 IA03166 7 18 
27 IA03170 7 19 63 7 0.76 
28 IA03172 7 20 614 0.77 
29 IA03173 8 17 617 0.71 
30 IA03174 8 18 628 0.71 
31 IA03175 8 19 636 0.68 
32 IA03176 8 20 667 0.69 
3 3 IA03177 9 21 616 0.66 
34 IA03184 9 22 63 8 0.68 
35 IA03187 9 23 647 0.64 
36 IA03188 9 24 0.72 
3 7 IA03190 10 21 0.73 
38 IA03191 10 22 597 0.68 
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Agronomic (3-glucan Test Groat 
2004 Line Parent parent parent weight percentage 
3 9 IA03192 10 23 624 0.69 
40 IA03193 10 24 607 0.72 
41 IA03196 11 21 629 0.73 
42 IA03197 11 22 675 0.69 
43 IA03198 11 23 681 0.68 
44 IA03199 11 24 611 0.70 
45 IA03201 12 21 612 0.68 
46 IA03202 12 22 648 0.67 
47 IA03203 12 23 0.68 
48 IA03205 12 24 604 0.69 
49 IA95029-3-8 P 13 559 0.64 
50 IA94031-6-5 P14 640 0.70 
51 IA95148-3-9 P 15 572 0.69 
52 IA95172-1-4 P 16 0.72 
53 IA94190-10-9 P 17 671 0.73 
54 IA94031-7-5 P18 0.74 
55 IA95029-3-2 P19 553 0.67 
56 IA94031-6-5 P20 0.71 
57 IA95148-3-5 P21 0.84 
5 8 IA95172-1-3 P22 641 0.69 
59 IA94190-10-1 P23 673 0.70 
60 IA94031-7-1 P24 0.69 
61 P971A9-7-4 Pl 681 0.70 
62 MN9823 6 P2 673 0.74 
63 WIX7509-5 P3 597 0.69 
64 SD000731 P4 700 0.72 
65 P971 A9-7-4-1 PS 686 0.73 
66 IL96-103 51 P6 756 0.78 
67 WIX8177-1 P7 598 0.73 
68 SD97575-5-29 P8 649 0.75 
69 IL95-1241 P9 706 0.72 
70 OA 1021-1 P 10 627 0.72 
71 SD96024A P 11 621 0.72 
72 SD000843 P12 0.67 
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APPENDIX ID: MEAN AGRONOMIC TRAITS OF EXPERIMENTAL 
OAT LI11~11ES AND CULTIVARS MEASUED IN 2005 
Table 1. Mean heading date, biomass, and grain yield, evaluated in 2005 at Ames Research 
Farm,IA. 
Agronomic (3-glucan Heading 
Line parent parent date Biomass Grain Yield Parent 
~daP) ~g m_~) ~g m ~) 
IA03131 1 13 66 1279 571 
IA03132 1 14 67 858 340 
IA03133 1 15 65 1064 469 
IA03136 1 16 65 1008 441 
IA03137 2 13 67 967 411 
IA03138 2 14 69 913 368 
IA03140 2 15 67 1158 513 
IA03141 2 16 68 950 395 
IA03143 3 13 68 947 402 
IA03144 3 14 68 1136 459 
IA03145 3 15 70 859 324 
IA03146 3 16 67 1018 454 
IA03147 4 13 67 1198 514 
IA03148 4 14 68 1023 383 
IA03149 4 15 66 993 413 
IA03150 4 16 64 1067 450 
IA03152 5 17 68 1038 420 
IA03153 5 18 68 233 59 
IA03155 5 19 69 1241 504 
IA03156 5 20 68 1124 478 
IA03157 6 17 68 820 341 
IA03158 6 18 66 1006 413 
IA03162 6 19 66 1144 487 
IA03164 6 20 67 978 409 
IA03165 7 17 69 1135 472 
IA03166 7 18 70 517 220 
IA03170 7 19 70 223 71 
IA03172 7 20 69 757 281 
IA03173 8 17 70 976 417 
IA03174 8 18 68 1109 411 
IA03175 8 19 70 844 318 
IA03176 8 20 68 1133 473 
IA03177 9 21 69 657 241 
IA03184 9 22 68 659 249 
IA03187 9 23 68 1132 479 
IA03188 9 24 68 429 115 
IA03190 10 21 68 302 93 
IA03191 10 22 69 1014 403 
IA03192 10 23 69 885 516 
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Line 
Agronomic (3-glucan Heading 
parent parent date Biomass Grain Yield Parent 
Cdap) C~ m-2) Cg m ~) 
IA03193 10 24 72 479 131 
IA03196 11 21 67 1118 469 
IA03197 11 22 68 930 359 
IA03198 11 23 69 1405 599 
IA03199 11 24 68 1479 648 
IA03201 12 21 68 840 299 
IA03202 12 22 66 964 381 
IA03203 12 23 66 952 385 
IA03205 12 24 69 310 83 
IA95029-3-8 68 1074 461 P 13 
IA94031-6-5 68 770 282 P 14 
IA95148-3-9 66 829 325 P 15 
IA95172-1-4 67 865 364 P 16 
IA94190-10-9 67 994 417 P 17 
.IAA-03-1=~ 5--  - ---- 72 611 181 P 18 
IA95029-3-2 69 834 326 P 19 
IA94031-6-5 P20 
IA95148-3-5 69 783 266 P21 
IA95172-1-3 64 103 9 419 P22 
IA94190-10-1 67 1086 434 P23 
IA94031-7-1 72 827 250 P24 
P971 A9-7-4 65 13 86 631 P 1 
MN98236 66 1158 505 P2 
WIX7509-5 70 1464 615 P3 
SD000731 66 1116 469 P4 
P971A9-7-4-1 67 1226 550 PS 
IL96-10351 67 1379 616 P6 
WIX8177-1 68 1466 650 P7 
SD97575-5-29 66 1369 607 P8 
IL95-1241 69 1189 492 P9 
OA 1021-1 69 1460 627 P 10 
SD96024A 71 1161 468 P 11 
SD000843 66 1270 536 P12 
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Table 2. Mean height, biomass, and grain yield, evaluated in 2005 at Kanawha Research 
Farm, IA. 
Agronomic R-glucan 
Line parent parent Height Biomass Grain Yield Parent 
(cm) (g m-2) (g m-2) 
IA03131 1 13 100 1208 534 
IA03132 1 14 97 992 409 
IA03133 1 15 92 972 420 
IA03136 1 16 94 964 412 
IA03137 2 13 92 835 349 
IA03138 2 14 97 878 383 
IA03140 2 15 91 1016 428 
IA03141 2 16 95 1069 441 
IA03143 3 13 100 1331 602 
IA03144 3 14 96 1187 498 
IA03145 3 15 96 1105 477 
IA03146 3 16 92 980 418 
IA03147 4 13 100 1194 499 
IA03148 4 14 103 1273 555 
IA03149 4 15 98 1105 436 
IA03150 4 16 97 1154 474 
IA03152 5 17 93 1073 466 
IA03153 5 18 90 602 213 
IA03155 5 19 99 1190 523 
IA03156 5 20 100 1223 553 
IA03157 6 17 93 906 367 
IA03158 6 18 97 1071 454 
IA03162 6 19 97 1200 520 
IA03164 6 20 95 693 267 
IA03165 7 17 97 1269 557 
IA03166 7 18 92 681 240 
IA03170 7 19 91 563 207 
IA03172 7 20 96 901 332 
IA03173 8 17 110 1639 741 
IA03174 8 18 102 1285 567 
IA03175 8 19 107 1493 630 
IA03176 8 20 102 1131 461 
IA03177 9 21 95 1084 450 
IA03184 9 22 97 1122 465 
IA03187 9 23 99 1250 556 
IA03188 9 24 86 564 168 
IA03190 10 21 85 564 142 
IA03191 10 22 99 1303 585 
IA03192 10 23 95 1253 557 
IA03193 10 24 79 548 132 
IA03196 11 21 97 1105 455 
IA03197 11 22 102 1232 475 
IA03198 11 23 98 1266 542 
IA03199 11 24 98 1180 481 
IA03201 12 21 95 801 289 
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Line 
Agronomic ~3-glucan 
parent parent Height Biomass 
(cm) (g m-2) 
Grain Yield Parent 
(g 
m-2) 
cm g m-2 g 
m-2 
IA03202 12 22 101 1106 459 
IA03203 12 23 98 1035 412 
IA03205 12 24 87 552 165 
IA95029-3-8 101 1186 517 P 13 
IA94031-6-5 97 1098 455 P14 
IA95148-3-9 89 1010 423 P15 
IA95172-1-4 94 1058 433 P 16 
IA94190-10-9 95 1303 562 P17 
IA94031-7-5 96 771 201 Pl8 
IA95029-3-2 99 1216 496 P 19 
IA94031-6-5 98 946 374 P20 
IA95148-3-5 93 761 290 P21 
IA95172-1-3 96 1041 445 P22 
IA94190-10-1 89 1030 416 P23 
IA94031-7-1 90 660 209 P24 
P971 A9-7-4 96 1085 470 P 1 
MN98236 97 1092 493 P2 
WIX7509-5 110 1431 601 P3 
SD000731 102 1185 518 P4 
P971 A9-7-4-1 97 1146 521 PS 
IL96-10351 100 1290 559 P6 
WIX8177-1 86 1093 479 P7 
SD97575-5-29 106 1491 687 P8 
IL95-1241 97 1130 483 P9 
OA 1021-1 105 1537 678 P 10 
SD96024A 102 1170 480 P 11 
SD000843 103 1102 467 P12 
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